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ABSTRACT
Blazars are the most luminous persistent and enigmatic objects in the sky. They
constitute a sub-class of active galactic nuclei (AGN) whose relativistic plasma jets
are closely aligned to our line of sight. By monitoring the polarized emission of these
jets and subsequently modeling flares in the high-energy emission, we are able to
gain insight into the parsec-scale physics of the jets close to the central engines. My
dissertation develops and augments several theoretical models of high-energy blazar
emission.
The vast majority of gamma-ray flares detected in blazars are highly correlated
with flares detected at longer wavelengths; however, a small subset of these gamma-
ray flares appear to occur in isolation. These “orphan” gamma-ray flares challenge
current models of blazar variability. I have developed a theoretical model of blazar
emission to explain the origin of these orphan flares. This model invokes the presence
of a sheath of plasma enshrouding the relativistic spine of the jet. The sheath sup-
plies photons that are inverse-Compton scattered up to high energies by relativistic
electrons contained within the jet, producing an orphan flare. This model is success-
v
fully applied to a number of such gamma-ray flares. In addition, I present stacked
radio images that highlight the presence of jet sheaths in my sample of blazars.
Circular polarization (CP) has been detected in a number of blazar jets. CP is
very sensitive to the underlying plasma content of the jet. A. Marscher has developed
the Turbulent Extreme Multi-Zone (TEMZ) model for blazar emission consisting
of thousands of individual cells of plasma that propagate relativistically across a
standing shock in the jet. The turbulent nature of the magnetic field within the
TEMZ grid naturally creates a birefringent environment in which CP emission can
be produced. In order to investigate whether the TEMZ model can indeed produce
CP, I have developed a numerical algorithm to solve the full Stokes equations of
polarized radiative transfer. I apply this algorithm to ray tracing through the TEMZ
model. I am able to demonstrate that TEMZ can reproduce CP at the levels present
in blazars.
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1Chapter 1
Introduction
Many supermassive black hole systems at the centers of galaxies produce rela-
tivistic jets that propagate from sub-parsec to kilo-parsec scales (Figure 1.1). These
radio jets emit synchrotron radiation (§1.4.1) due to the presence of electrons gyrat-
ing about magnetic field lines within the jet. A subset of these radio jets is closely
aligned to our line of sight. These aligned jets are referred to as “blazars”. At ra-
dio wavelengths, an image of a blazar typically exhibits a bright stationary feature
known as the “radio core” (Figure 1.6). It has been postulated that the radio core of
a blazar imaged at millimeter wavelengths is associated with a standing recollima-
tion shock (resulting from pressure imbalance between the jet and its surroundings)
several parsecs downstream of the central super-massive black hole of the system
(see Marscher et al. 2008; Cawthorne et al. 2013; Dodson et al. 2016 and references
therein). Over time, “blobs” of plasma are ejected from the radio core and propagate
down the jet at relativistic speeds, which can appear superluminal in the observer’s
frame. These blobs could be either internal shock waves propagating through the jet
(see, e.g., Joshi & Bottcher 2011) or plasmoids with higher density and/or magnetic
field than the ambient flow (the view adopted in this dissertation).
Blazars exhibit brilliant flares that rise and diminish in intensity over months
to days and even minutes (Aharonian et al. 2007 and references therein). These
flares usually cascade across the entire electromagnetic spectrum of light and are
often highly correlated across wavelengths (Figure 1.2). There is, however, a subset
2Fig. 1.1: A radio image (obtained with the Jansky Very Large Array - JVLA) of
the extragalactic jets emanating from Cygnus A (red/blue correspond to regions of
high/low radio emission). The bright dot at the center of this image is a galaxy
roughly 760 million light-years away. The jets extend out roughly 100,000 light years
from the host galaxy (which is referred to as an active galactic nucleus - AGN).
(Image credit: nrao.edu).
of enigmatic high-energy flares that seem to occur in relative isolation, with little or
no variability detected at longer wavelengths (Figure 2.1). The discovery of these
“orphan” gamma-ray flares challenges existing models of blazar variability. This dis-
sertation attempts to elucidate the physical mechanisms driving these orphan flares.
In particular, I develop a new model of blazar γ-ray emission that can reproduce
orphan flares by exploiting the radiative interplay between the relativistic spine of a
blazar jet and a more slowly moving segment of a sheath of plasma enshrouding the
jet. I use radio polarimetric observations obtained with the Very Long Baseline Ar-
ray (VLBA) of several blazars that have exhibited orphan flaring behavior to further
test the plausibility of my model.
In addition to high-energy γ-ray flares, blazars emit low-energy synchrotron
radiation in the form of highly relativistic jets. The synchrotron emission emanating
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Fig. 1.2: Light Curves of the γ-ray bright blazar 3C 454.3: γ-ray (upper panel)
and optical (lower panel) light curves (black circles). In contrast to the orphan
flare profiles presented in §2 & §3, here the optical and the γ-ray light curves mirror
one another from flare to flare. 3C 454.3 was the brightest γ-ray source in the sky
in 2010 Autumn (Abdo et al. 2011).
4Fig. 1.3: Artist’s rendition of the magnetic collimation and launching of a relativistic
jet (Image credit: NASA/ESA and Ann Feild).
from these jets tends to be highly linearly polarized (i.e., tens of percent), giving
us insight into the underlying structure of the magnetic fields that are thought to
collimate and launch the jet from the environment surrounding the central super-
massive black hole (Blandford & Znajek 1977, Blandford & Payne 1982, Figure 1.3).
Recent observations have shown that in a small number of blazars, the radio core
also exhibits circularly polarized synchrotron emission (Homan et al. 2009; left panel
of Figure 1.4). This form of polarized emission —while typically <0.5 % of the total
intensity (Stokes I)—gives us a critical insight into the underlying nature of the jet
plasma (Homan, Attridge & Wardle 2001).
Motivated by observations of variability in the degree and orientation of the
linearly polarized emission of blazars, Marscher (2014) has developed the Turbulent
Extreme Multi-Zone (TEMZ) model of blazar emission (see right panel of Figure 1.4).
The TEMZ model simulates the emission from the radio core of a blazar as being
comprised of the aggregate emission from a collection of thousands of turbulent cells
of plasma propagating relativistically across a standing recollimation shock within
5Fig. 1.4: (Left panel) - Radio images (obtained with the Very Long Baseline Ar-
ray - VLBA) of the quasar 3C 279. The image at the far left shows contours of
total intensity (Stokes I). In each image, the feature at the far left is a stationary
radio “core”. Two blob-like features can be seen further down the jet (to the right).
The middle image shows contours of linearly polarized intensity (Stokes Q and U)
with the black line segments highlighting the orientation of the linear polarization
as projected onto the plane of the sky. The right image shows contours of circular
polarization (Stokes V). (Image credit: Homan et al. 2009). (Right panel) - A
schematic representation of the Turbulent Extreme Multi-Zone (TEMZ) model for
blazar emission. The radio core of a blazar (from which circular polarization em-
anates) is modeled as a collection of thousands of turbulent cells of plasma moving
relativistically across a standing recollimation shock (Image credit: Marscher 2014).
the jet. I explore whether a multi-zone model of blazar emission such as TEMZ,
containing thousands of discrete cells of plasma, each with individual magnetic field
orientations, can reproduce circularly polarized emission at the percent levels seen in
some blazars. Circular polarization (CP) can be used as a probe of some of the most
fundamental properties of the jet, from the extent of the underlying electron energy
power-law distribution to the composition of the jet’s plasma. An intimate knowl-
edge of the radiative transfer involved in the production of CP will help further our
understanding of what these polarimetric observations can reveal about the nature
and origin of relativistic jets.
6I aim to answer the following key science questions within this dissertation:
1. How do orphan gamma-ray flares occur within blazars?
2. Are polarization signatures of jet sheaths, which may be necessary
for orphan flares to occur, common within blazar jets?
3. If jet sheaths are common within blazars, then why do not all blazars
exhibit orphan flares?
4. Can a turbulent multi-zone blazar emission model produce circularly
polarized radiation at the observed levels?
71.1 Active Galactic Nuclei
Blazars are a small sub-set of a much larger population of galaxies that are
collectively referred to as active galactic nuclei (AGN). AGN are typically far more
luminous than in active galaxies and also exhibit variability over a range of time
scales. The one unifying feature of the various classes of AGN is the inferred presence
of a central super massive black hole (∼ 106−10 M⊙) at the center of each galaxy.
1.1.1 The Unification Model
There are many different observational subclasses of AGN, namely: Seyfert
galaxies, radio-loud galaxies (such as blazars), and radio-quiet active galaxies. It
should be pointed out that the vast majority of AGN are in fact radio-quiet (∼ 90%)
with only a small subset possessing radio emitting jets (Beckmann & Shrader 2012).
The AGN unification model (Urry & Padovani 1995; see Figure 1.5) postulates that at
the center of every AGN is a central supermassive black hole (SMBH). This black hole
is surrounded by an accretion disk of gas. The SMBH and its surrounding accretion
disk are also enshrouded in a much larger obscuring dusty torus. Broad and narrow
line region (BLR/NLR) clouds orbit the central SMBH at varying distances. Finally,
in a small fraction of AGN, particle jets extend outwards from the central SMBH (see
Figure 1.5). The unification model posits that the seemingly disparate observational
subclasses of AGN are in fact manifestations of the same type of object observed
along different lines of sight. The discovery of broad lines in the scattered polarized
light of otherwise narrow line Seyfert 2 galaxies (i.e., obscured BLR cloud emission;
Antonucci & Miller 1985) served as a confirmation of the validity of the unification
model and its application to our understanding of AGN.
8BLR Clouds
NLR Clouds
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Fig. 1.5: Schematic diagram highlighting the various physical components of
the AGN unification model. The dashed arrows delineate different lines of
sight highlighting the various observational sub-classes of AGN. (Image credit:
ned.ipac.caltech.edu).
1.1.2 The Blazar Subclass
Blazars are, from an observational standpoint, the most extreme examples of
AGN. A blazar is an AGN with a relativistic jet in which the jet axis is closely
aligned to our line of sight, giving us a unique view down into the central engine.
In contrast to radio galaxies (see Figure 1.1), blazars tend to exhibit one-sided jets.
This is due to the effects of relativistic Doppler beaming in which the jet emission
oriented in our direction is preferentially boosted in the forward direction due to the
relativistic flow of the jet. A counter-jet is potentially present in a blazar, but we do
9Radio Core
Radio Knot 
Jet
100 light-years
Fig. 1.6: A Very Long Baseline Array (VLBA) radio image of the blazar 3C 454.3
at a wavelength of 2 cm. This image illustrates the key morphological properties of
a blazar, namely, a one sided jet that emanates from a bright radio core, and several
bright radio knots (blobs) that move relativistically along the jet spine. (Image
credit: NRAO/AUI/MOJAVE Team/Y. Kovalev).
not detect it because its emission is Doppler de-beamed with respect to our line of
sight. Figure 1.6 presents a sample radio image of the blazar 3C 454.3, highlighting
the key morphological properties of a blazar jet, namely: the radio core, the jet, and
relativistic radio knots/blobs.
1.1.3 Variability Timescales
Blazars are among the most variable objects in the cosmos, displaying dramatic
variations in observed flux across all wavelengths. In particular, flaring events have
been observed with timescales ranging from months to days, and even minutes. The
timescales of these flares constrain the characteristic length scales of the emission
regions involved in these events. Based on the observed timescales, most models of
blazar emission rely on the presence of a compact “plasmoid” (blob) moving rela-
10
tivistically along the spine of the jet in order to produce the observed emission. This
scenario would seem to agree with interferometric observations obtained with the
VLBA of compact radio knots that appear to move superluminally down the jet of
many blazars (e.g., Jorstad et al. 2005).
1.2 Multi-Wavelength Observations of Blazars: The SED
The study of blazars is inherently a multi-wavelength discipline. Blazars emit
radiation across the entire electromagnetic spectrum including synchrotron emission
in the radio to the X-ray, thermal blackbody emission in the infrared and optical,
and inverse-Compton emission in the X-rays and the γ-rays. A snapshot of the flux
of a blazar across the entire spectrum is known as a spectral energy distribution
(SED). The nature of a blazar’s SED, both in terms of its spectral shape and how
that shape varies over time, relates to the physics driving the immense luminosities
of these galaxies. The SEDs of most blazars take the form of two humps, one in the
radio/UV portion of the spectrum (synchrotron) and the other at higher energies
in the X-ray/γ-ray portion of the spectrum (interpreted here as inverse-Compton
emission). Two classes of blazars, namely, flat spectrum radio quasars (FSRQs) and
BL Lacertae (BL Lac) type objects, are defined by the relative locations of these
humps in frequency space (see upper panel of Figure 1.7). BL Lacs tend to have
higher frequency peaked humps in their SEDs compared to FSRQs. FSRQs, on the
other hand, despite exhibiting lower-energy emission, are intrinsically more luminous
as a class than BL Lac type jets (see lower panel of Figure 1.7).
1.2.1 Radio
The emission from blazars is predominantly non-thermal in nature. The long-
wavelength (low-energy) portion of the SEDs of most blazars takes the approximate
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Fig. 1.7: (Top panel) - Average SEDs for BL Lac (blue) and FSRQ (red) blazars
detected by the Fermi Large Area Telescope (LAT). The vertical axis is plotted as:
νFν . The characteristic two “humped” profile of a blazar SED is evident in these
averages. An excess in the UV emission (commonly referred to as the big blue bump)
is also visible in the FSRQ SED. This excess is attributed to thermal emission from
gas in the accretion disk surrounding the SMBH. (Bottom panel) - Corresponding
plot with the vertical axis plotted as: νLν highlighting the intrinsic luminosities
of these two classes of blazar. (Image credit: ASP Conf.Ser. 427 (2010) 249-256
arXiv:0912.3258).
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form of a rising power-law devoid of any spectral lines. This power-law emission
is synchrotron in origin (see §1.4.1). The basic composition of the relativistic jets
of blazars (i.e., the positron to proton ratio) remains an open question due to the
absence of spectral lines in the jet emission. When plotted as logFν − logν the
spectrum of a blazar is typically flat indicating that the jet is partially opaque at
radio wavelengths due to the effects of synchrotron self-absorption.
1.2.2 Infrared
The infrared portion of the SEDs of blazars is largely an optically thin extension
of the synchrotron emission seen at radio wavelengths. There are, however, excesses
in the infrared emission of some blazars that have been attributed to the emission
from hot dust grains thought to exist in the environments surrounding (at parsec
scales) the central engines of blazars (e.g., the dusty torus discussed in §1.1.1; see
Malmrose et al. 2011).
1.2.3 Optical-Ultraviolet
The optical-ultraviolet portion of the SED of a blazar is composed of synchrotron
emission from the jet and thermal emission from the accretion disk surrounding the
black hole. When the jet emission does not dominate this waveband, it is possible
to measure the widths of optical spectral lines from orbiting clouds (see Figure 1.5)
to derive a virial mass to estimate the mass of the black hole. Most mass estimates
for the black holes of blazars are of the order ∼ 109M⊙ (Ghisellini & Tavecchio 2015
and references therein).
1.2.4 X-ray
The X-ray portion of the SED of an AGN is composed of several distinct sources
of radiation. First, X-rays emanate from a corona of hot plasma that resides above
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the accretion disk near the jet apex. Second, the hot accretion disk surrounding
the black hole absorbs X-rays shining down from the corona and then re-emits them
thermally. X-ray spectra of the disk emission can be used to measure the shape of
broad iron emission lines, which in turn can be used to constrain the spin of the black
hole (e.g., Brenneman & Reynolds 2006). The spin of a supermassive black hole is
believed to be the ultimate source of power for relativistic jets via the Blandford-
Znajek process (a mechanism by which the rotational energy of the black hole is
extracted by magnetic fields; Blandford & Znajek 1977). Finally, X-rays are also
emitted from within the jet in the form of synchrotron, synchrotron self-Compton
and external-Compton emission (see §1.4.1 and §1.4.4).
1.2.5 Gamma-ray
The gamma-ray emission of blazars is commonly attributed to leptonic inverse-
Compton emission (see §1.4.4) originating from within the jet. However, alternate
hadronic jet models can also reproduce this emission, albeit with much higher es-
timates of the jet power and magnetic field. The exact location along the jet of
gamma-ray production remains an active area of research. The two commonly con-
sidered sites of gamma-ray production are the near and far dissipation regions. The
near dissipation region is within the BLR at a distance along the jet of < 1 pc.
Here the seed photon fields (a necessary ingredient for inverse-Compton emission;
see §1.4.4) are dominated by emission from the accretion disk, the dusty torus, and
the BLR clouds. The far dissipation region corresponds to a site much farther along
the jet (∼ 10 pc) near the radio core seen in images of blazars at 43 GHz (see Figure
1.6). This dissertation considers an alternative site of gamma-ray production within
the jet located between the near and far dissipation regions. Wherever the gamma-
rays originate from, the emission in this portion of the SED of a blazar is highly
variable.
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Fig. 1.8: A schematic of a basic two element very long baseline interferometer. Due
to the curvature of the Earth there is a geometric delay in the radio signals arriving
at each antenna. When the signals from the two antennas are correlated this results
in a “fringe” pattern owing to the constructive/destructive interference produced by
the delay corrected electromagnetic signals emanating from the radio source on the
sky. (Image credit: Adapted from http://www.linz.govt.nz).
1.3 Very Long Baseline Interferometry
The blazar radio images presented within this dissertation were obtained using
Very Long Baseline Interferometry (VLBI), the basic geometry of which is illustrated
in Figure 1.8. The power of VLBI lies in the fact that the resolution of an interfer-
ometric array is ∝ λ/B, where B (the baseline) is the longest distance between the
various elements of the array. Due to the continent sized separations of the anten-
nas that comprise the Very Long Baseline Array (VLBA), we are able to produce
milliarcsecond (mas) scale images (at 43 GHz) of blazar jets. This resolution, how-
ever, is only achievable along the projection of each baseline onto the plane of the sky
(referred to as the uv-plane where u denotes the east-west direction and v denotes
the north-south direction, see Figure 1.9). VLBI, therefore, makes use of i) arrays
of antennas (10 in the case of the VLBA) and ii) the rotation of the earth, in order
to “fill in” the uv-plane and thus image a radio source on the sky. In particular, for
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Fig. 1.9: A schematic of the uv-plane. The baseline between two antennas of an
interferometer is projected onto the plane of the sky (the uv-plane, where u denotes
the east-west direction and v denotes the north-south direction). Source structure (in
what is referred to as the ml-plane or sky plane) perpendicular to this uv projection
is unresolved. (Image credit: Adapted from caltech.edu).
an N element array there are N(N − 1)/2 independent baselines that can be formed
from the various antennas within the array at any given time (the data are usually
divided into 2-second integrations). An example of the resultant uv-coverage ob-
tained by this technique is illustrated in Figure 1.10 for an observation of the blazar
PKS 1510−089 with the VLBA. The rotation of the earth produces the tracks visible
across Figure 1.10. The amount of the uv-plane filled in during a VLBI observation
is referred to as the sampling function: Sν(u, v). The point spread function (PSF) of
an interferometric array (in the sky plane) is the Fourier transform of the sampling
function in the uv-plane (where l and m are defined in Figure 1.9; Perley, Schwab,
& Bridle 1986):
Bν(l,m) =
￿ ￿
Sν(u, v) e
2πi(ul+vm) du dv , (1.1)
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an example of which is shown in Figure 1.11. The finite sampling of the uv-plane re-
sults in the production of spurious side-lobes in the resultant PSF (which is referred
to as the dirty beam). An interferometric array measures, fundamentally, spatial
coherence functions between the various elements of the array. These coherence
functions are metrics of how correlated (or uncorrelated) the incoming electromag-
netic radiation is at the various components of the antenna within the array. The
correlator of an interferometer produces visibilities: Vν(u, v). These visibilities are
equal to the source intensity (Iν , what we really want) convolved with the PSF of
the array:
Vν(u, v) =
￿ ￿
Iν(l,m) Bν(l,m) e
−2πi(ul+vm) dl dm (1.2)
(Perley, Schwab, & Bridle 1986). Taking the inverse Fourier transform of Equation
1.2 yields what is referred to as the dirty image of the source:
Iν(l,m)Dirty Image =
￿ ￿
Vν(u, v) Sν(u, v) e
2πi(ul+vm) du dv , (1.3)
an example of which is shown in Figure 1.12. The noise evident in the radio map
shown in Figure 1.12 is largely due to the side lobes present within the PSF because of
the finite sampling of the uv-plane. We then apply the CLEAN algorithm (Hogbom
1974) to mimic what an image of the source would look like with complete sampling
of the uv-plane (i.e., Sν(u, v)→ 1 for all u and v):
Iν(l,m)Clean Image ￿
￿ ￿
Vν(u, v) e
2πi(ul+vm) du dv , (1.4)
an example of which is shown in Figure 1.13. In particular, the CLEAN algorithm
finds the pixel in the image with the highest flux and then subtracts a user-specified
fraction of that flux, iterating until a negative value is found (i.e., noise). The data are
then self-calibrated, initially just the 10 phases at each time with a 2-hour smoothing
time. This CLEAN/selfcal procedure is repeated until there is little improvement in
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the dynamic range (i.e. signal peak to noise). Then the 10 phases and 10 amplitudes
are adjusted, shifting to shorter smoothing times when iterations no longer improve
the dynamic range, and then, finally, no longer applying smoothing and allowing
negative fluxes to be added to pixels in order to spread out the noise (no selfcal
is applied in this final stage). Tapering of the uv data is often necessary in the
intermediate iterations to smooth the pixels so that the larger scale structure can
be CLEANed. The CLEAN image is then constructed by restoring the subtracted
point sources with a Gaussian beam that matches the resolution of the dirty beam.
Figures 1.8 & 1.9 present a highly idealized case in which the only delay in the
signal received between the two antennas is due to the curvature of the Earth. In
reality, additional delays and opacity are introduced as the incoming electromagnetic
radiation propagates through inhomogeneities (which vary with location and time) in
the Earth’s ionosphere and atmosphere above the interferometric array. Calibration
of our images, accounting for these additional delays and opacity effects, is carried out
using the Astronomical Image Processing System (AIPS) developed by the National
Radio Astronomy Observatory (NRAO). This calibration includes:
• The application of antenna specific gain curves and system temperatures.
• Corrections for sky opacity.
• Iterative imaging combined with phase and amplitude self-calibration. The
phase calibration adjusts the data for the time-variable propagation delays.
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The first step in the AIPS calibration process is the flagging of bad data due to
antenna malfunctions. This is followed by an amplitude calibration. The absolute
flux density scale of our data is determined by comparing our 43 GHz VLBA ob-
servations to 37 GHz observations obtained with the Metsa¨hovi Radio Observatory.
Following this calibration, a parallactic angle correction is applied. The fringes (see
Figure 1.8) in our data are then fit with the AIPS task FRING (and VLBAPCAL).
These procedures estimate (and remove) additional delays due to atmospheric ef-
fects, the uncertainties in the positions of the antennas, and the transmission of the
signal through the electronics of each antenna. An initial fringe fit is done using a
strong source that has been observed with all 10 of the VLBA’s antennas (typically
3C 279) and this solution is then applied to the rest of the data. Preliminary images
are then produced using the Caltech software DIFMAP (Shepherd 1997). These
images are then used in the AIPS routine CALIB to correct separately the right-
and left-circularly polarized phases, since some of the delay errors from propagation
effects differ slightly between the two oppositely polarized signals. The instrumental
polarization (referred to as “D-terms”) is determined following the methods outlined
in Roberts, Wardle, & Brown (1994) & Leppanen, Zensus, & Diamond (1995). This
is done for several sources with favorable linear polarization structure, with the re-
sulting D-terms averaged after the removal of outliers and then applied to all of the
data obtained at a particular epoch. Finally, an electric vector position angle (EVPA,
see §1.4.2) calibration is obtained by comparison of the VLBA data to Jansky Very
Large Array (JVLA) observations of EVPA-stable jet features in various sources at
roughly similar epochs. With the AIPS calibrations in place, final radio images are
produced in DIFMAP following the procedure illustrated in Figures 1.10 - 1.13.
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Fig. 1.10: An example of the uv-coverage attainable with the VLBA. The 45 inde-
pendent baselines of the VLBA are projected onto the uv-plane and are shown as
green line segments. As the earth rotates over the course of a 12 hour observation
(i.e., a “scan”), the various baselines fill in the uv-plane as they track across the sky.
This image was produced using the Caltech software DIFMAP (Shepherd 1997).
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Fig. 1.11: An example point spread function (PSF) of the VLBA produced from
the uv-coverage shown in Figure 1.10. This PSF is referred to as the dirty beam.
Side lobes are clearly visible above and below the main beam. These side lobes are a
result of the discrete sampling of the uv-plane. This image was produced using the
Caltech software DIFMAP (Shepherd 1997).
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Fig. 1.12: Taking the inverse Fourier transform of the measured visibilities (Equation
1.3) results in the above dirty image. The noise evident in this radio map is largely
due to the side lobes present within the PSF because of the finite sampling of the
uv-plane. This image was produced using the Caltech software DIFMAP (Shepherd
1997).
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Fig. 1.13: Applying both the CLEAN algorithm and self-calibration to the dirty
image shown in Figure 1.12 results in the above radio map. These algorithms help to
approximate visibilities that would result from complete uv-coverage of the source.
This image was produced using the Caltech software DIFMAP (Shepherd 1997).
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1.4 Physical Emission Mechanisms
Blazar emission encompasses virtually all known radiative processes, from black-
body emission to inverse-Compton and pair-production processes. Here I provide a
brief introduction and summary of all of the radiative mechanisms relevant to the
theories of blazar jet emission considered within this dissertation.
1.4.1 Synchrotron Emission
Synchrotron emission is produced by electrons gyrating about magnetic field
lines and is highly polarized in nature (Pacholczyk 1970). It is primarily emitted by
high-energy electrons accelerating along magnetic field lines entrained in the jet (see
Figure 1.14). This continuum emission is non-thermal in nature. A typical spectrum
dominated by optically thin synchrotron radiation shows a steady featureless decline
in intensity over many decades of frequency. Most such synchrotron spectra obey
the following power-law:
i(ν) ∝ ν−α , (1.5)
where α is referred to as the spectral index and i(ν) is the synchrotron emissivity.
For most known radio sources α is observed to be within the range 0.5 < α < 2.0.
A further level of complexity arises since the synchrotron spectrum of an ensem-
ble of electrons evolves with time. Synchrotron radiative losses (commonly referred
to as synchrotron “cooling” or “aging”) are ∝ B2, where B is the strength of the
magnetic field. Therefore, unless the electrons are being continuously re-energized,
the underlying electron power-law energy distribution, ne(γ), will eventually be de-
pleted. The continuous injection model (CI; Pacholczyk 1970) assumes a mixture
of electron populations of various synchrotron “ages” in which continuous replen-
ishment of “fresh” electrons is assumed. This analytic model is most applicable in
regions of turbulence or shocks within the jet. One typically introduces an injection
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Fig. 1.14: The synchrotron mechanism. As electrons accelerate along magnetic field
lines they emit synchrotron radiation (Image credit: Jon Lomberg/Gemini Observa-
tory).
power (Pinj) into synchrotron emission models that invoke CI. This injection power
parameterizes a physical process at work within the jet (e.g., turbulence or diffusive
shock acceleration via the Fermi mechanism) that continuously rejuvenates the aging
electron populations (see §2.2).
1.4.2 Linear Polarization
The VLBA is a powerful instrument for determining the orientation of magnetic
fields within blazar jets. As discussed in §1.4.1, the synchrotron emission emanating
from a blazar jet can be highly polarized (i.e., tens of percent). The Stokes param-
eters form a useful metric of the polarized properties of this emission. Following
Rybicki & Lightman (1979), the components of the electric field associated with an
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Fig. 1.15: Schematic of the EVPA angle χ as well as the orientation of the Stokes Q
& U parameters.
electromagnetic wave projected onto the plane of the sky are:
Ex = E1cos(ωt− φ1)
Ey = E2cos(ωt− φ2) . (1.6)
The Stokes parameters are then given by:
I = E21 + E22
Q = E21 − E22
U = 2 E1E2 cos(φ1 − φ2) (1.7)
V = 2 E1E2 sin(φ1 − φ2) . (1.8)
Stokes I (the total intensity) parameterizes the total power within the radiation
( I2 ≥ Q2+U2+ V 2 ). Stokes Q parameterizes the linear polarization oriented at 0◦
(+Q) and 90◦ (−Q) on the plane of the sky (Figure 1.15). Stokes U parameterizes
the linear polarization oriented at 45◦ (+U) and −45◦ (−U) on the plane of the sky
(Figure 1.15). Stokes V parameterizes the circular polarization and is positive for
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right-handed CP and negative for left-handed CP. The EVPA angle (χ) within a
given pixel of a VLBA image map is computed based on the values of Stokes Q and
U within that pixel:
χ ≡ 1
2
arctan
￿
U
Q
￿
. (1.9)
Through measurement of the Stokes I, Q, and U parameters (V ￿ I for blazars;
see discussion in §1.4.3), the projection of the magnetic field onto the plane of sky
can be inferred from these electric vector position angles (EVPAs). Due to the
effects of relativistic aberration, however, the EVPA is not necessarily orthogonal
to the projection of the magnetic field (see Lyutikov et al. 2005). Therefore, all of
the polarimetric observations presented within this dissertation may only be used to
infer the probable orientation of the field. Also, Faraday rotation, if important, may
further alter the observed EVPA orientation if the radiation passes through a screen
of magnetized plasma situated between the source of the emission and the observer
(Burn 1966). The degree of linear polarization (fractional LP):
ml ≡
￿
Q2 + U2
I
, (1.10)
acts as a probe of the uniformity of the magnetic field within the jet.
1.4.3 Circular Polarization
Circular polarization (CP) can be produced in blazar jets through linear bire-
fringence, in which initially linearly polarized emission produced in one region of the
jet is altered by Faraday rotation as it propagates through other regions of the jet
with distinct magnetic field orientations. Low levels of circularly polarized intensity
(Stokes V ) have been detected in a number of blazar jets (Wardle et al., 1998; Homan
& Wardle , 1999; Homan et al., 2009). While typically <0.5 % of the total intensity
(Stokes I), circular polarization (CP) can give us insight into the underlying nature
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of the jet plasma (Wardle et al., 1998). Unlike linear polarization (LP), which can be
altered by Faraday rotation in magnetized plasma both within and external to the
jet, CP is produced at levels < 1% by the basic synchrotron process, or at potentially
higher levels through Faraday conversion from LP to CP as the radiation propagates
through the jet. A measurement of the fractional CP:
mc ≡ − V
I
, (1.11)
emanating from the jet can probe the charge asymmetry of leptons within the
jet plasma, and therefore the ratio of the number of positrons to protons within
the jet (Wardle et al. 1998; Ruszkowski & Begelman 2002; Homan et al. 2009).
Understanding the underlying plasma content of extragalactic jets (such as blazars)
is vitally important to our understanding of the power of the jet and therefore of the
effect the jet can have on its surrounding environment (i.e., “AGN feedback”).
1.4.4 Inverse-Compton Emission
In classical Thomson scattering, a photon scatters off of an electron and imparts
energy to the electron. If the electron, instead, moves relativistically, the reverse
process can occur. Depending on the relative trajectories of the two particles, the
photon can gain a substantial amount of energy, especially in the case of a head-
on collision. The GeV flares detected from blazars are commonly attributed to an
inverse-Compton origin. The superluminal radio knots detected by the VLBA (see
Figure 1.6) are likely sources of relativistic electrons that up-scatter photons produced
within either the knot itself (a process known as synchrotron self-Compton - SSC)
or external sources of photons such as the accretion disk, the BLR, the dusty torus,
or synchrotron photons from other parts of the jet (a process known as external-
Compton - EC).
28
1.5 Theoretical Models of Blazar Emission
A number of theoretical models have been developed to explain both the SEDs
and the flaring properties of blazars. The majority of these models rely on the pres-
ence of a compact emission region moving relativistically along the jet. Synthetic
SEDs are typically constructed by combining templates of synchrotron jet emission,
thermal disk (and/or dusty torus) blackbody emission, and a variable high-energy
component emanating from the compact jet. The flares of blazars are recreated by
varying the conditions within the compact emission region (increasing the magnetic
field strength and/or the number of high-energy electrons), often under the assump-
tion that some form of shock compression occurs as the emission region propagates
along the jet (Blandford & Konigl 1979, Marscher & Gear 1985, Hughes, Aller, &
Aller 1985).
1.5.1 The One-Zone Model and Its Shortcomings
The canonical model of blazar emission involves a “plasmoid” (blob) moving
relativistically along the spine of the jet (Dermer & Schlickeiser 1993). The energy
distribution of the blob is commonly approximated as a power-law of relativistic elec-
trons immersed in a magnetic field of uniform strength and direction that is random
on small scales unless compressed by a shock. This power-law distribution reflects
some form of shock acceleration, turbulence, and/or magnetic reconnection, occurring
within the blob that energizes the electrons. The electrons emit synchrotron radi-
ation, producing the low-energy bump of the blazar SED. The relativistic electrons
then collide with the synchrotron photons they produce, resulting in SSC emission
that creates the high-energy bump of the blazar SED. While this model greatly ad-
vanced our understanding of the non-thermal emission mechanisms potentially at
work within blazars, it falls short of explaining several key observed properties of
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blazars, including the origin of orphan gamma-ray flares. In order to produce flares
in such a one-zone model, one needs to either increase the magnetic field strength or
the number of relativistic electrons within the blob (both of which are indicative of
shock compression). The effect of either of these modifications is to drive up both the
synchrotron and the SSC emission, which results in variability across the entire SED
of the blazar. While this type of correlated variability across the SED of a blazar
is commonly observed (see Figure 1.2), there are forms of high-energy variability
(e.g., orphan flares) that challenge the one-zone model.
1.5.2 The Multi-Zone Paradigm
Building on the successes of the one-zone model, several more recent models of
blazar emission have been developed. The internal shock model consists of shells of
relativistic plasma that propagate along the jet at different speeds (Spada et al. 2001).
These shells collide with one another, creating forward and reverse shocks that inject
high-energy electrons into the jet through Fermi acceleration. High-energy flares are
then produced via the inverse-Compton mechanism. Chapters 2 & 3 of this disserta-
tion augment the one-zone model to include EC emission off of photons external to
the blob that can produce orphan gamma-ray flares. In addition, a multi-zone blazar
emission model has been developed by Marscher (2014), in which plasma crossing a
standing shock in the jet is modeled as a collection of thousands of individual plasma
cells with distinct magnetic field orientations. As these turbulent cells propagate
across the shock, high-energy variability is created through the aggregate emission
of all the cells. Chapter 4 of this dissertation presents an algorithm of polarized
radiative transfer that has been incorporated into this multi-zone model to explore
the effects of Faraday rotation and conversion on the polarized emission produced by
the model.
30
1.6 Dissertation Outline
This dissertation is organized as follows:
• Chapter 2 presents a theoretical study of a new emission model for orphan
γ-ray flares from blazars (adapted from MacDonald et al. 2015).
• Chapter 3 presents an observational study designed to test the plausibility
of the theoretical model presented in Chapter 2 (adapted from MacDonald,
Jorstad, & Marscher 2016).
• Chapter 4 explores the effects of Faraday rotation and conversion on the polar-
ized emission emanating from a turbulent jet model of blazar emission (adapted
from Macdonald & Marscher 2016).
• Chapter 5 summarizes the results of Chapters 2–4, and discusses avenues of
further study/research.
• Chapter 6 contains an Appendix outlining the details of the polarized radiative
transfer discussed in Chapter 4.
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Chapter 2
Through the Ring of Fire: γ-ray
Variability In Blazars By A Moving
Plasmoid Passing A Local Source Of Seed
Photons
2.1 Chapter Introduction
Many theoretical models have been developed to explain both the spectral en-
ergy distributions (SEDs) and high-energy variability of blazars. The SEDs of most
blazars take the form of two humps - one in the radio/UV portion of the spectrum
(synchrotron) and the other at higher energies in the X-ray/γ-ray portion of the spec-
trum (interpreted here as inverse-Compton emission). Blandford & Konigl (1979),
Marscher & Gear (1985), and Hughes, Aller, & Aller (1985) proposed that shock
acceleration within the jet could result in the observed variations in radio emission.
Dermer & Schlickeiser (1993) presented a leptonic model in which the high-energy
hump of the SED is produced by comptonization of accretion disk photons by elec-
trons contained within a plasmoid (“blob”) moving relativistically along the jet.
Alternatively, Bottcher et al. (2009) formulated a hadronic model in which the high-
energy hump is produced through pγ pion production from relativistic protons within
the jet encountering both internal and external photon fields. Sikora, Begelman, &
Rees (1994) also explored the effects of comptonization of external radiation fields
from the accretion disk and the surrounding broad emission-line region (BLR) by
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electrons within the jet. Spada et al. (2001) presented an internal shock model for
blazar variability in which shells of plasma within the jet collide, producing forward
and reverse shocks that result in particle acceleration within the jet. While these
models can explain many aspects of the radiative mechanisms potentially at work in
blazars, there remain aspects of high-energy variability that are not accounted for
by these theories.
Recent observations obtained with the Fermi Large Area Telescope (LAT) and
the VLBA have shown that a large number of γ-ray flares in blazars are strongly
correlated with the passage of superluminal knots through the radio cores of these
objects (Marscher et al., 2012). The majority of these γ-ray flares tend to be associ-
ated with flares detected at optical/UV wavelengths. The high cadence of observa-
tions provided by the Fermi spacecraft, however, has also allowed the identification
of a small sub-set of γ-flares that seem to occur in relative isolation, with little or no
variability detected in the other bands. These isolated events are termed “orphan”
flares. In one case, Marscher et al. (2010) present observations of an orphan γ-ray
flare that occurred during the passage of a superluminal knot through the inner jet
of the blazar PKS 1510−089 (see Figure 2.1).
Based on the orphan γ-ray flare highlighted in Figure 2.1, here we develop a
model of blazar variability to account for this type of behavior. In our model, a blob
consisting of a power-law distribution of electrons propagates relativistically along
the jet axis of the blazar and passes through a synchrotron-emitting ring of electrons,
which represents a shocked segment of a more slowly moving jet sheath (see Figure
2.2 and the sketch presented in Figure 2.9 below). The ring creates a very localized
source of seed photons that are inverse-Compton scattered by the electrons in the
moving blob, creating an orphan γ-ray flare as the blob passes through the ring.
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Fig. 2.1: γ-ray (upper panel) and optical (lower panel) light curves of PKS 1510−089
during 2009. The dashed vertical lines delineate an example of an orphan γ-ray flare
in which the prominent flare in the GeV band has at most a weak counterpart in
the optical band. The vertical arrow in the lower panel marks the time when a
superluminal knot passed through the 43 GHz core of PKS 1510−089, coincident
with a large optical/γ-ray flare that occurred roughly 20 days after the onset of the
orphan flare (Marscher et al., 2010). The horizontal bar represents the uncertainty
in the time of the knot’s passage through the radio core.
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Fig. 2.2: Proposed model for an orphan γ-ray flare: a blob containing relativistic
electrons with a power-law distribution of energies passes through a synchrotron
emitting ring and inverse-Compton scatters the ring photons.
We point out that our model is distinct from Compton mirror models (see e.g.,
Ghisellini & Madau 1996, Bottcher & Dermer 1998, and Bottcher 2005) that require
a reflecting cloud close to the jet axis to produce γ-ray flares.
The presence of a non- to mildly-relativistic sheath of plasma enshrouding the
relativistic spine of a blazar jet has been discussed by several authors. From a
theoretical standpoint, Ghisellini, Tavecchio, & Chiaberge (2005) investigated the
radiative interplay between these two regions within the jet via the inverse-Compton
mechanism. More recently, the SEDs of several blazars have been fit with models
that utilize the presence of a jet sheath (see, e.g., Aleksic´ et al. 2014 and Tavecchio
& Ghisellini 2014). In addition, Tavecchio, Ghisellini, & Guetta (2014) discuss the
potential of sheaths of plasma within blazars to produce the high-energy neutrinos
being detected by IceCube. Several authors have also discussed what the observa-
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tional signature of a sheath of plasma would be within a blazar jet (see Attridge,
Roberts, & Wardle, 1999). Velocity shear between the jet and the ambient medium
into which the jet propagates is expected to align the magnetic field on the outer
edges of the jet with the jet axis so that the sheath polarization should be high
(tens of percent) relative to the spine. The electric vector position angles (EVPAs)
associated with this polarization should be perpendicular to the jet axis. This polari-
metric signature has indeed been detected in a number of blazars (see Pushkarev et
al., 2005). We present polarimetric observations of PKS 1510−089 that point to the
existence of a jet sheath within this blazar, lending support to our model of orphan
γ-ray flares.
2.2 Theory
Models of blazar emission, whether leptonic or hadronic, rely on the presence of
an emission region (a “blob”) moving relativistically along the jet. For the purposes
of this work we adopt the leptonic scenario and treat the blob (and ring) as consisting
of electrons with a power-law energy distribution, ne(γ) ∝ γ−s, over the range γmin
to γmax, where the energy of a given electron is E = γmec2.
There are three main components of the non-thermal emission produced by
the passage of a blob of plasma down the spine of a jet in our model. The first is
synchrotron radiation (syn) produced by electrons gyrating around magnetic field
lines within the blob. These electrons also inverse-Compton scatter the synchrotron
photons they produce, a process known as synchrotron self-Compton (ssc) emission.
The third component is inverse-Compton scattering of the external (to the blob) ring
synchrotron photons by the blob’s electrons, a process known as external Compton
scattering (ec). As the blob approaches the ring, the photon density in the co-moving
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frame of the plasma increases, resulting in an ec driven γ-ray flare that peaks and
decays as the blob passes through and then moves away from the ring.
The photon production rates (photons s−1 cm−3 ￿−1) for these three physical
processes, n˙syn, n˙ssc, and n˙ec, are given below (￿ ≡ hν/mec2 is defined as a dimen-
sionless photon energy). In our radiative transfer code, we evaluate these photon
production rates in the co-moving frame of the blob, after which a series of Lorentz
transformations is applied to obtain the resultant flux in the observer’s frame. In all
of the following equations, the dimensionless electron velocity, βe ≡ ve/c ≈ 1, has
been set to unity.
The synchrotron photon production rate per unit volume for electrons within
the blob or the ring is given by:
n˙syn(￿) =
√
3e3B
2πhmec2
￿
1
￿
￿￿ γmax
γmin
F (x) ne(γ) dγ (2.1)
(e.g., Joshi & Bottcher 2011), where x ≡ ν/νc is the ratio of the observed frequency
to the critical frequency (νc), which is given by νc ≡ 3eBγ2/4πmec ; and F (x) is an
approximation to a Bessel function (see Joshi & Bottcher, 2011).
The ssc photon production rate per unit volume within the blob is given by:
n˙ssc(￿) =
1
4π
￿ γmax
γmin
ne(γ) dγ
￿ ￿max
￿min
nblobph (￿) g(￿s, ￿, γ) d￿ (2.2)
(e.g., Joshi & Bottcher 2011), where nblobph (￿) = n˙syn(￿) rblob/c is the synchrotron
photon density produced by the electrons in the co-moving frame of the blob. The
isotropic scattering cross-section, g(￿s, ￿, γ), is given by:
g(￿s, ￿, γ) =

3cσT
16γ4￿
￿
4γ2￿s
￿ − 1
￿
for ￿4γ2 ≤ ￿s ≤ ￿
3cσT
4γ2￿ [ζ1 + ζ2 + ζ3] for ￿ ≤ ￿s ≤ 4￿γ
2
1+4￿γ ,
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where σT is the Thomson cross-section, ￿ is the incoming photon energy, ￿s is the
scattered photon energy, and ζ1, ζ2, and ζ3 are defined as follows:
ζ1 ≡ 2η ln(η)
ζ2 ≡ (1 + 2η)(1− η)
ζ3 ≡ (4￿γη)
2 (1− η)
2 (1 + 4￿γη)
, (2.3)
where η ≡ ￿s/4￿γ2(1− ￿s/γ) (Joshi & Bottcher, 2011).
The general ec photon production rate per unit volume within the blob for the
scenario presented in Figure 2.2 is given by:
n˙ec(￿) = c
￿
dΩ
￿ ￿max
￿min
nringph (￿) d￿
￿
dΩe
￿ γmax
γmin
ne(γ)
× (1− cosψ) dγ
￿
dσ
d￿sdΩs
￿
(2.4)
(Dermer & Menon, 2009), where nringph (￿) is the external ring photon density per unit
volume within the co-moving frame of the blob, ψ is the angle between the scattering
electron in the blob and the seed photon from the ring in the co-moving frame of the
blob, dσ/d￿sdΩs is the differential scattering cross-section, and dΩ and dΩe are the
differential solid angles in the photon and electron directions, respectively.
In order to evaluate nringph (￿) in the co-moving frame of the blob, we fol-
low the method outlined by Dermer & Schlickeiser (1993), and make use of the
following Lorentz invariants: nph(￿)/￿2 = nph(￿∗)/￿∗2 (where ∗ denotes the host
galaxy/stationary ring frame and unprimed notation refers to the co-moving frame
of the blob) and ￿∗/￿ = Γ(1 + βµ), where Γ is the bulk Lorentz factor of the blob,
β ≡ vblob/c =
√
1− Γ−2 is the blob’s velocity in units of c, and µ is the cosine of the
angle that the incoming ring photons make with respect to the blob in the co-moving
frame of the blob. The external ring photon density (in photons cm−3 ￿−1) evaluated
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in the host galaxy frame can be shown to be:
nph(￿
∗) =
Nph(￿∗)
4πd2 c
× 1
2π
δ
￿
µ− µ
∗ − β
1− βµ∗
￿
(Dermer & Schlickeiser, 1993), where d ≡ √r2 + z2 and µ∗ ≡ cos(θ) = z/√r2 + z2,
and where z is the distance of the blob from the center of the ring (see Figure 2.2).
Here, Nph(￿∗) is the photon production rate (in photons s−1 ￿−1) of the ring due to
synchrotron radiation. If one further assumes that the ring is optically thin; we can
write
Nph(￿
∗) =
￿ rmax
rmin
4πr ho n˙syn(￿
∗) dr ,
where ho is the thickness of the ring in the z direction, and where rmin and rmax denote
the inner and outer radii of the ring, respectively (see Figure 2.2). Here, n˙syn(￿∗) is
the synchrotron photon production rate of the ring, Equation (2.1), evaluated in the
host galaxy frame. It then follows that nringph (￿) can be evaluated as follows:
nringph (￿) =
ho
2πc
1
Γ2(1 + βµ)2
￿ rmax
rmin
￿
r
r2 + z2
￿
n˙syn(￿
∗) dr
× δ
￿
µ− µ
∗ − β
1− βµ∗
￿
. (2.5)
A head-on approximation is adopted, in which the scattered photon direction
is set equal to the electron direction in the blob frame, which then results in the
scattering angle: cosψ = µµs +
￿
1− µ2￿1− µ2s cosφ (Dermer & Menon, 2009),
where µs = (µobs − β)/(1 − βµobs), and µobs = cos(θobs), where θobs is the angle
between the jet axis and our line of sight (see Figure 2.2), and φ is the azimuthal angle
about the jet axis. In order to keep the numerical integration to a minimum, a delta-
function approximation of the differential scattering cross-section in the Thomson
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regime is adopted:
dσ
d￿sdΩs
= σTδ(Ωs − Ωe)δ(￿s − γ￿¯)H(1− ￿¯) (2.6)
(Dermer & Menon, 2009), where Ωs refers to the solid angle subtended by the scat-
tered photons, ￿¯ ≡ γ￿(1− cosψ), and H(1− ￿¯) is a Heaviside function given by:
H(1− ￿¯) =

0 for (1− ￿¯) < 1
1
2 for (1− ￿¯) = 1
1 for (1− ￿¯) > 1 .
(2.7)
As discussed in Dermer & Schlickeiser (1993), Equation (2.6) is a valid approximation
of the scattering cross-section provided ￿¯ ≤ 1. The delta-function δ(￿s − γ￿¯) in
Equation (2.6) implies ￿¯ = ￿s/γ. The dimensionless scattered photon energy (￿s)
is defined as ￿s = hνs/mec2. The orphan flare (presented in Figure 2.1) we model
with our code occurs at an observational frequency of νobs ∼ 1023 Hz. Due to the
relativistic motion of the blob, the scattered photon frequency (νs) in the co-moving
frame of the blob is related to the observed frequency by νs = νobs/D, where D is
a relativistic Doppler boosting factor given by D ≡ 1/Γ(1 − β cosθobs). With these
quantities defined, we compute the limiting values of ￿¯ for the range of scattered
photon and electron energies modeled in our code (see Table 2.1), and we find:
0.003 < ￿¯ < 0.05. This range of ￿¯ falls well within the Thomson regime. In the
future, the code will incorporate the effects of the reduced Klein–Nishina scattering
cross-section at higher energies. Since
￿
dΩ ≡ ￿ dµ ￿ dφ, Equations (2.4)–(2.6) can
be combined to yield a simplified version of the external Compton photon production
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rate:
n˙ec(￿s) =
￿
σTho
2π
￿￿ 2π
0
dφ
￿ rmax
rmin
dr
￿ γmax
γmin
dγ
× 1
Γ2(1 + βµ)2
￿
r
r2 + z2
￿
ne(γ)
× n˙syn(￿∗) (1− cosψ) H(1− ￿¯) , (2.8)
where now ￿ = ￿s/γ2(1− cosψ) and µ = (µ∗ − β)/(1− βµ∗).
Global Parameter Value
γmin 2.0× 103
γmax 1.0× 104
Z 0.361
θobs 1.4◦
Baseline Flux optical 1.5 (mJy)
Baseline Flux γ−ray 6.5 (10−7phot cm−2 s−1)
Blob Parameter Value
rblob 0.01 (pc)
Γinitial 4
Γfinal 19
zinitial -0.1 (pc)
zfinal 0.1 (pc)
sblob 4.0
Bblob 0.03 (G)
Pinj 1.65× 1043 (ergs s−1)
Ring Parameter Value
zring 0.0 (pc)
rmin 0.09 (pc)
rmax 0.18 (pc)
ho 0.018 (pc)
sring 4.0
Bring 0.12 (G)
Table 2.1: Ring of Fire Model Parameters
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The distribution of electrons in the blob is evolved each time step by solving
the Fokker–Planck equation:
∂ne(γ)
∂t
= −b mec2 ∂
∂γ
( γ2ne(γ) ) + qγ
2 (2.9)
(Kardashev, 1962), where b is the electron radiative cooling rate in ergs−1 s−1, and q
is the electron injection rate per unit dimensionless energy in cm−3 s−1. In general,
b = bsyn + bssc + bec; however, here we assume that b ≈ bsyn + bec because ssc is
only a minor component in the SEDs produced by the runs of our code presented
here (see Figure 2.3). In the future we intend to carry out a more sophisticated
calculation that includes a proper treatment of the ssc cooling, which, as pointed
out by Zacharias & Schlickeiser (2012), can strongly influence the evolution of ne(γ)
in time-dependent calculations of the non-thermal emission from some blazars. For
simplicity, we neglect aging in the ring electrons. The synchrotron cooling rate for
the blob electrons is given by:
bsyn =
4
3
cσT
￿
B2
8πm2ec
4
￿
(2.10)
(Dermer & Menon, 2009). The external Compton cooling rate is given by:
bec =
4
3
cσT
￿
1
mec2
￿￿ γmin
0
nringph (￿) d￿ (2.11)
(Dermer & Menon, 2009), where the upper limit of the integration ensures that the
cooling rate is evaluated within the Thomson regime.
The injection rate q is computed by defining an injection power:
Pinj =
￿ γmax
γmin
(γmec
2)(qγ−s)
￿
4
3
πr3blob
￿
dγ (2.12)
→ q = (2− s)Pinj
(mec2)
￿
4
3πr
3
blob
￿
(γ2−smax − γ2−smin )
(for s > 2).
42
1010 1015 1020 1025
log(νobs) [Hz]
10-16
10-14
10-12
10-10
10-8
lo
g( 
νF
(ν)
o
bs
 
) [ 
erg
 s-1
 
cm
-
2  
]
days from orphan flare peak: 0.6
model SED
model
synchrotron
model
SSC
model
external Compton
Fermi
Swift
SMARTS
Fig. 2.3: SED produced by the model during the orphan γ-ray flare. The
SED is composed of synchrotron (blue), synchrotron self-Compton (green), and
external-Compton (red) emission components. Multi-wavelength data obtained by
the SMARTS, Swift, and Fermi telescopes during the epoch of the orphan γ-ray flare
presented in Figure 2.1 are plotted in black for comparison.
The injection power parameterizes a physical mechanism at work within the blob, for
example, turbulence or diffusive shock acceleration, which continuously rejuvenates
the aging blob electron distribution. This injection power is a free parameter within
our model and has been set at Pinj ∼ 1043 ergs s−1 in the calculations presented here.
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Equation (2.9) has the following analytical solution:
ne(γ, t) =

noγ−s for ξ = 0
noγ−s(1− ξ)s−2
+ qγ
−(s+1)
mec2b(s−1) [1− (1− ξ)s−1] for ξ < 1
qγ−(s+1)
mec2b(s−1) for ξ ≥ 1 ,
where ξ ≡ btγmec2 (Kardashev, 1962). The initial relativistic electron number den-
sity, no, of the blob is determined by assuming equipartition between the magnetic
and electron energy densities within the blob:￿
B2blob
8π
￿
=
￿ γmax
γmin
(γmec
2)(noγ
−s)dγ
→ no =
￿
B2blob
8π
￿
2−s
mec2
γ2−smax − γ2−smin
(for s > 2). (2.13)
After the photon production rates have been computed for a range of photon
energies at each time step, the flux is computed in the observer’s frame by multiplying
the sum of the production rates (n˙tot = n˙syn + n˙ssc + n˙ec) by the volume of the blob,
the energy of the photons, and a (d￿/dν) conversion factor:
νF (ν)obs =
1
4πd2L
× D
4
1 + Z
× n˙tot(￿)× 4
3
πr3blob
× (hν)
2
mec2
, (2.14)
where Z is the redshift, dL is the luminosity distance, and D is a relativistic Doppler
boosting factor, given by D ≡ 1/Γ(1− β cosθobs).
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2.3 Numerical Simulation
The numerical calculations were carried out using the BLAZE code (peo-
ple.bu.edu/nmacdona/Research.html). A spherical blob of radius rblob = 0.01 pc
accelerates from a bulk Lorentz factor of Γinitial = 4 to Γfinal = 19, after which it
continues to propagate at constant speed along the spine of the jet. The parameters
governing the blob acceleration have been chosen to reflect the acceleration derived
for the emission knot associated with the orphan γ-ray flare in PKS 1510−089 (see
Figure 2.1) based on the changing rate of rotation of the observed optical polarization
vector (Marscher et al. 2008, 2010). The blob begins its acceleration toward the ring
(located at zring = 0 pc in the simulation) at zintial ∼ −0.1 pc and reaches Γfinal at
zfinal ∼ 0.1 pc after passing through the ring. The blob is tracked out to a distance
of zend ∼ 0.4 pc, after which the simulation is terminated. Although in actuality the
sheath (and by extension the ring) will have some relatively low velocity along the
jet, for the purposes of the numerical simulation, we treat the ring as stationary.
The dimensions of the ring used in the simulation, namely, its minimum (rmin)
and maximum (rmax) radius and its thickness (ho) (see Figure 2.2), are listed in
Table 2.1. The size of the sheath (and by extension the ring) is thought to be a
substantial fraction of the cross-sectional width of the jet (Zavala & Taylor 2004;
Walg et al. 2013) and the values chosen for rmin and rmax reflect the width of the jet
in PKS 1510−089. Since we are positing that the ring represents a shocked segment
of a continuous jet sheath (see Figure 2.9 below), the thickness of the ring (ho) in
our model reflects the length scale over which particle acceleration acts on a small
section of the sheath, perhaps as it propagated through a standing shock upstream
of its current location within the jet. While this parameter is the least constrained in
our model, ho simply scales the external ring photon density up or down, depending
on our choice of its value (see Equation 2.5).
45
Nalewajko et al. (2014) make a case against the ability of a sheath of plasma sur-
rounding the jet to provide sufficient numbers of seed photons to produce the orphan
flares seen in PKS 1510−089 (i.e., Figure 2.1) without the sheath itself outshining
the observed flux. We find no conflict, however, between our model and observations
of this blazar. As discussed in their paper, the observed luminosity of the sheath can
be shown to be (their Equation (C3)):
Lsh,obs ￿ 2.7 × 1047erg s−1
￿
r
10pc
￿2￿ Γ
20
￿−2
× Γ4sh(Γshθsh)2, (2.15)
where r is the distance along the jet, Γ is the blob’s bulk Lorentz factor, and Γsh
and θsh are the bulk Lorentz factor and opening angle of the sheath, respectively. As
Nalewajko et al. point out, the strong dependence of Lsh,obs on Γsh means that for
even mildly relativistic sheaths the observed luminosity can become quite large. The
ring of sheath plasma in our model, however, is located upstream of the radio core
in PKS 1510−089. In particular, the radio knot correlated with the orphan flare was
traveling down the jet at ∼ 0.3 pc day−1 in our frame (Marscher et al., 2010). From
Figure 2.1, it is apparent that the onset of the orphan flare preceded the large optical
flare associated with the knot passing the radio core by about 20 days. Assuming that
the knot moved at this observed rate along the jet for those 20 days, that would place
our ring 6 pc upstream of the radio core. If we further assume that the radio core is
at roughly a scale of ∼ 10 pc from the central engine, that would place the ring at
roughly a distance of r ∼ 4 pc along the jet. This locates our emission region between
the two commonly considered regions of γ-ray production in blazar jets, namely, the
near-dissipation region (r ∼ 1 pc), where the external photon fields are dominated by
emission from a dusty torus and the BLR, and the far-dissipation region (r > 10 pc)
near the core seen at 43 GHz. At this distance, utilizing the dimensions of our ring
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as corresponding to the jet sheath, we compute a sheath opening angle of θsh ∼ 1.29◦
(where θsh ≡ θmax − θmin). Here, θmin and θmax refer to the inner and outer angles
subtended by the ring relative to the jet apex, which we take to be 4 pc upstream
of the ring–see Figure 2.9–and can be shown to be: θmin = tan−1(rmin/4 pc) ∼ 1.29◦
and θmax = tan−1(rmax/4 pc) ∼ 2.58◦, respectively. We point out that this value for
the sheath opening angle is in rough agreement with the sheath opening angle of
θsh ∼ 4.6◦ used by D’Arcangelo et al. (2009) to explain variability in the polarization
of the blazar OJ 287. If we further assume that the sheath at this scale is only mildly
relativistic (Γsh ∼ 2) and take our final value for the bulk Lorentz factor of the blob
(Γ ∼ 19), Equation (2.15) yields Lsh,obs ∼ 1.5 × 1045 erg s−1, which is two orders
of magnitude smaller than the observed γ-ray luminosity for PKS 1510−089 during
this flaring epoch (Lγ ∼ 5.4×1047erg s−1) and is roughly a factor of 3.6 smaller than
the observed synchrotron luminosity (Lγ/Lsyn ∼ 100→ Lsyn ∼ 5.4× 1045erg s−1).
The blob and ring electron populations are both modeled as identical power-law
distributions, ne(γ), with identical power-law indices s (listed in Table 2.1), in rough
agreement with the observed γ-ray photon index of Γ = 2.48 (α = Γ− 1; s = 2α+1)
reported in Marscher et al. (2010). By setting the power-law index to this value, we
are making the assumption of an unbroken power-law of electron energies in both
regions of our model. The range of electron energies over which we assume the
power-law applies (γmin through γmax) is listed in Table 2.1.
Constant magnetic fields are taken to permeate both the blob (Bblob) and the
ring (Bring) with the values used in the simulation listed in Table 2.1. As discussed
in Nishikawa et al. (2013), the jet sheath is thought to have a higher electron density
than the spine. Since we assume equipartition, this implies that Bring > Bblob. In
addition, a lower magnetic field within the blob is needed to keep the radiative losses
experienced by the blob electrons out of the fast cooling regime (see Equation 2.13);
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however, the value used in our simulation (Bblob = 0.03 G) is at odds with the
observed value of Bjet ∼ 0.1 − 1 G for PKS 1510−089 reported in Marscher et al.
(2010). This difference in field strength might be reconciled by the fact that, as
discussed above, we treat the ring as being located upstream of the radio core in
PKS 1510−089. It is consistent for the magnetic fields in the jet upstream of the
core to be smaller if indeed the core at 43 GHz is associated with a recollimation
shock that amplifies the field strength through shock compression (see Figure 2.9
below). We also approximate that the magnetic fields within the blob and the ring
do not vary appreciably on the timescale required for the blob to pass through the
ring (∼ 100 days in the AGN frame). This requires that the opening angle of the jet
< 10◦, which agrees with θ ∼ 1◦ found by Jorstad et al. (2005).
The numerical integrations were performed using linear grids of 15 radial and
azimuthal zones and logarithmic grids of 60 intervals in ￿ and in γ. Throughout this
dissertation we adopt the following cosmological parameters: Ho = 70 km s−1 Mpc−1,
Ωm = 0.3, and ΩΛ = 0.7. In order to convert the resultant flux into the observer’s
frame, the jet is taken to lie at an inclination angle of θobs = 1.4◦ (Jorstad et al., 2005),
with a redshift of Z = 0.361 (Thompson et al., 1990), and a luminosity distance of
dL = 1913 Mpc. These values are based on the observed properties of PKS 1510−089
and yield a projected scale of 5.0 pc mas−1. To better fit the observed light curves
presented in Figure 2.1, we include a baseline flux in each band, which is added to the
variable emission produced by the model. These baseline fluxes, listed in Table 2.1,
reflect the more slowly varying emission from the jet plasma and are approximated
to be constant. Finally, the time step is chosen so that 24 samplings of the SED are
made by the end of the simulation of the blob passing through the ring.
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2.4 Results
Figure 2.3 shows an SED produced by the model during the peak of the sim-
ulated orphan γ-ray flare. The three non-thermal emission components included in
the calculation are differentiated by color. The model broadly reproduces the ob-
served optical and γ-ray peaks of PKS 1510−089’s SED (shown in black), but does
not reproduce the observed optical-ultraviolet excess (known as the big blue bump),
nor the observed X-ray flux levels. The former spectral feature is believed to be as-
sociated with emission from the accretion disk surrounding the central engine, while
the latter may be ssc emission from regions farther down the jet (as indicated by the
weak correlation between the X-ray and γ-ray light curves; see Marscher et al. 2010).
Neither of these components are included in the calculation, hence these spectral
features are absent from the synthetic SEDs produced by the model.
The resultant γ-ray and optical light curves produced by the blob’s passage
through the ring are shown in Figure 2.4 (highlighted in red) overlaid upon the
observed data from Marscher et al. (2010). In particular, the baseline flux level
(as discussed in §2.3) is demarcated by the black dashed line in each plot, whereas
the variable emission produced by the model is indicated by the black dotted line.
The superposition of these two lines in each plot creates the synthetic light-curves
shown in red. The synthetic light curves reproduce, in general, the observed orphan
γ-ray flare without exceeding the observed optical flux during the flare. The lack of
a strong optical flare demonstrates the model’s key ability to produce orphan γ-ray
flares. The peak flux in the simulated γ-ray flare occurs when the blob is at a distance
of z = 0.08 pc downstream of the ring. This is a result of the interplay between the
Doppler boost gained by the relativistic motion of the blob, the external ring photon
density within the co-moving frame of the blob, and the effects of radiative cooling.
It should be pointed out that there is a small optical “bump” in our synthetic light
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Fig. 2.4: PKS 1510−089 γ-ray (upper panel) and optical (lower panel) light curves
from 2009 (black circles)–a smaller segment of Figure 2.1. The model light curves
are overlaid (in red) and consist of the superposition of the model baseline level of
flux in each band (the dashed black line) and the variable emission produced by the
model (the dotted black line). As with Figure 2.1, the vertical arrow in the lower
panel marks the time when a superluminal knot passed through the 43 GHz core of
PKS 1510−089, with the horizontal bar representing the uncertainty in this time.
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Fig. 2.5: Comparative light curves highlighting the effect different motions of the
blob along the spine have on the orphan flares produced by this model. In all cases,
the flux for each flare has been normalized to the flux of that flare’s peak. For
comparison, the fit to the orphan flare shown in Figure 2.4 is reproduced in red. The
blob’s initial (Γinitial) and final (Γfinal) bulk Lorentz factor for each run are listed in
the upper right portion of the plot (color-coded to the corresponding flare). It is
apparent from the blue curve that if the blob decelerates as it approaches the ring,
the resultant flare has a steeper onset time in comparison with its decay time. A
similar effect (albeit with a distinct profile) is produced if the blob moves through
the ring at constant speed (green curve). In contrast to the relatively symmetric flare
profile (shown in red), if the blob approaches the ring with a greater velocity (black
curve), the resultant flare has a more gradual onset.
curve (lower panel of Figure 2.4). This gradual increase in emission is a result of the
Doppler boost gained by the blob’s acceleration along the spine of the jet.
The model’s ability to produce γ-ray flares with steep rise and decay times (as
illustrated in the upper panel of Figure 2.4) reflects the anisotropic source of seed
photons used in the simulation (i.e., the ring). This is in contrast to other structured
jet models that invoke isotropic seed photon fields from a continuous jet sheath. The
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shape of the orphan γ-ray flare shown in Figure 2.4 is very sensitive to the nature of
the blob’s acceleration toward and through the ring. To further explore the effect the
blob’s motion along the jet has on the orphan γ-ray flares produced by this model, the
parameters governing the blob’s acceleration along the spine of the jet were varied,
namely, the blob’s initial (Γinitial) and final (Γfinal) bulk Lorentz factors. In Figure
2.5, a series of comparative light curves is shown illustrating the effect that different
blob accelerations (or lack of acceleration) have on the orphan flares produced by
this model. It is apparent from Figure 2.5 that by varying the blob’s acceleration
through the ring, this model is able to produce orphan flares both with steeper and
more gradual onsets and decays. The differences in these light curves highlight the
potential to use the observed shape of orphan γ-ray flares to infer the nature of the
acceleration of the emission region through blazar jets upstream of the 43 GHz core.
2.5 Polarimetric Signature of a Jet Sheath
The presence of a sheath of plasma surrounding the spine of a blazar jet is a
central component to our model of orphan γ-ray flares. Several authors have dis-
cussed what the observational signature of a jet sheath within a blazar would be (see
Pushkarev et al. 2005 and references therein). They posit that a jet sheath represents
a shear layer between the plasma of the jet and the ambient medium into which the
jet propagates. In this scenario, the initially helical or chaotic magnetic field lines of
the outer layers of the jet are “stretched” out due to the velocity gradient between
the jet and the ambient medium. This shear, if it exists, would result in a buildup
of magnetic field on the outer edges of the jet, with the orientation of that field
aligned nearly parallel to the jet boundary (Wardle et al., 1994). The direction of
the magnetic field within a blazar is inferred from the orientation of the EVPAs mea-
sured by the VLBA, which, barring the effects of opacity and relativistic aberration
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(see Lyutikov et al., 2005), are assumed to be perpendicular to the projection of the
magnetic field onto the plane of the sky. Therefore, the observational signature of
a jet sheath would be an increase in the fractional polarization toward the edges of
the jet, with the EVPA perpendicular to the jet boundary, and therefore roughly
perpendicular to the jet axis. We point out that an alternative interpretation (as
discussed in Lyutikov et al. 2005) is that the EVPA being perpendicular to the jet
boundary is the result of the jet flow carrying a large scale helical magnetic field. A
measure of the Faraday rotation gradient, if it exists, (see Gabuzda, Reichstein, &
O’Neill, 2013) across the width of the jet of PKS 1510−089, would potentially be
able to distinguish between these two scenarios. We adopt the prior interpretation
here.
A complication in detecting the polarimetric signature of a jet sheath within a
blazar is discussed by Clausen-Brown et al. (2013). Due to the effects of Doppler
beaming, the relativistic spine of the jet (Γspine ∼ 20) is intrinsically far brighter than
the surrounding sheath (which is usually assumed to be non- to mildly-relativistic:
Γsheath ∼ 2). To overcome this vast difference in intrinsic brightness, several au-
thors have implemented a method of “stacking” radio maps (see, e.g., Fromm et
al. 2013; Zamaninasab et al. 2013). This stacking method involves aligning indi-
vidual radio images of a blazar based on the location of the radio core (which is
assumed to be an essentially stationary feature within the jet at a given frequency).
The images are then added together, with the expectation that noise and tran-
sient phenomena (such as superluminal blobs) will smooth out in the stacked map,
and, in contrast, any standing features within the jet (such as a jet sheath) will
be highlighted as more images are added to the stacked map. With this in mind,
we stacked VLBA total intensity and polarization images of PKS 1510−089 at 43
GHz in order to see whether the polarimetric signature of a jet sheath is present
53
in this blazar. In particular, we selected images from twenty epochs of observation
from 2008 to 2013 made with VLBA data from the VLBA-BU-BLAZAR program
(see www.bu.edu/blazars/VLBAproject.html and Jorstad et al. (2013) for a general
description of the observations and data analysis). The chosen epochs correspond to
periods of relatively quiescent jet activity. Our stacked map for PKS 1510−089 is
shown in Figure 2.6. We do see an increase in the degree of polarization toward the
edges of the jet. The EVPAs plotted in Figure 2.6 are inclined to the jet spine axis
(highlighted in red) and are predominantly perpendicular to that axis (as predicted
by the sheath scenario) in both the southern half and the upper northern half of
the jet. We examine ten transverse slices through the data (shown in blue). The
variations of the Stokes parameters along the first slice are shown in Figure 2.7. We
indeed find that the fractional polarization increases toward the edges of the jet, as
predicted by the sheath scenario. These two features, namely, the increase in frac-
tional polarization and the orientation of that polarization perpendicular to the jet
axis, are consistent with a sheath in PKS 1510−089. The variations of the Stokes
parameters along the other nine slices are qualitatively similar to the first, with the
exception that after the fifth slice we no longer see signs of a sheath component in
the southern half of the jet.
The total and polarized intensity profiles along the slices (highlighted in Figure
2.7) are used to determine the nominal location of the sheath within the jet, as
illustrated in Figure 2.8. In particular, we align the total intensity and polarized
intensity profiles for each slice and use the double-peaked nature of the polarized
intensity (a signature of the jet sheath) to highlight the location of the sheath within
each slice (the shaded gray regions shown in Figure 2.8). The width of the sheath on
each side of the slice is determined, arbitrarily, by the location where the polarized
flux falls below 0.85 times the peak value (the solid black vertical lines in Figure
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Fig. 2.6: A stacked map of 43 GHz images of PKS 1510−089 spanning twenty epochs
of observation from 2008 to 2013. The black contours correspond to total intensity
(contour levels are: 2.3, 4.6, 9.2, 18.4, 36.8, 73.6, 147.2, 294.4, 588.8, 1177.6 mJy
beam−1), whereas the underlying color scheme corresponds to polarized intensity
(see color bar to the right for the flux levels) with the EVPAs denoted by black line
segments. All images have been convolved with a Gaussian beam, shown on the
lower right of the stacked map. An arbitrary jet spine has been plotted in red, across
which ten transverse slices through the data are taken (shown in blue). The profiles
of the emission parameters along the first slice are shown in Figure 2.7. The shaded
gray regions in the above map highlight the nominal location of the jet sheath of
PKS 1510−089 as determined by the procedure discussed in §2.5 and highlighted in
Figure 2.8.
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Fig. 2.7: Variations of the emission parameters transverse to the jet axis (dashed
red line) for slice 1 (shown in Figure 2.6): total intensity (top panel), polarized
intensity (upper middle panel), fractional polarization (lower middle panel), and
EVPA (bottom panel). The fractional polarization increasing toward the edges of
the jet is a predicted polarimetric signature of a jet sheath (as discussed in §2.5),
with the EVPA transverse to the axis.
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Fig. 2.8: Illustration of the procedure used to determine both the location of the
sheath within the jet and its contribution to the observed emission by utilizing the
total and polarized intensity profiles (shown in Figure 2.7) of the slices taken through
our stacked map (shown in Figure 2.6). The polarized intensity profile along slice
1 (dashed blue line corresponding to the right-hand axis) is overlaid upon the total
intensity profile for slice 1 (solid blue line corresponding to the left-hand axis). We
use this double-peaked profile to highlight the likely location of the sheath within
each slice (shaded gray regions). The sheath’s contribution to the jet’s total intensity
profile is estimated by the values of total intensity (red circles) that are co-spatial
with the peaks of the polarized intensity profile (demarcated by dashed vertical lines).
This procedure is then repeated for each slice, thus tracing out the sheath (shaded
gray regions) shown in Figure 2.6.
2.8). This percentage yields a conservative estimate of the extent of the sheath. The
total intensity of the sheath plasma on each side of the jet is approximated by the
values of the total intensity profile (the red circles in Figure 2.8) that are aligned
with the peaks of the polarized intensity profile (the dashed black vertical lines in
Figure 2.8). We then repeat this procedure for each slice throughout our stacked
map, thus tracing out the sheath (shaded gray regions shown in Figure 2.6).
An estimate of the bolometric luminosity (Lbol) of the sheath in the observer’s
frame is computed by adding all of the flux contained within the gray shaded regions
of our stacked map (Figure 2.6). Based on the distance to PKS 1510−089, we convert
this inferred sheath flux at 43 GHz into a spectral luminosity (Lν) and assume a
power-law of the form Lν = Cν−α. After solving for the constant of proportionality
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(C), we then integrate to obtain:
Lbol =
￿ νmax
νmin
Lν dν ∼ 3× 1045 erg s−1, (2.16)
where we have assumed a spectral index of α ∼ 1.0 (in rough agreement with the
mean spectral index of a large sample of flat spectrum radio quasar jets found by
Hovatta et al. 2014) and limits of integration of νmin = 109 Hz and νmax = 5×1013 Hz.
It is interesting to note the similarity between this value and the value obtained in
§2.3 for the upstream sheath luminosity using Equation (2.15). The above estimate
indicates that the sheath within PKS 1510−089 is potentially a very important source
of seed photons even at parsec scales along the jet. As a further comparison, we
compute the bolometric luminosity (in the observer’s frame) of the ring of sheath
plasma in our model assuming, in contrast to the simulation, that the ring moves
along the jet with a bulk Lorentz factor of Γring = 2. We find L
ring
bol ∼ 3×1044 erg s−1,
roughly an order of magnitude smaller than the above sheath estimate.
Finally, a crude estimate of both the inner (rmin) and outer (rmax) radii of the
sheath was made by averaging the values obtained for these parameters relative to
the jet spine (demarcated by the dashed red vertical line in Figure 2.8) for each slice
through the stacked map. We find that rmin ∼ 0.4 pc and rmax ∼ 0.8 pc. These values
are roughly a factor of 4.5 larger than the inner and outer radii used in our model
of the ring (see Table 2.1) that we posit to exist upstream of the region highlighted
in Figure 2.6. It is interesting to note that the opening angle of the sheath used in
our model (θsh ≡ θmax − θmin ∼ 1.29◦; θmin = 1.29◦ and θmax = 2.58◦ as discussed in
§2.3) predicts that rmin = z tan(θmin) ∼ 0.4 pc and rmax = z tan(θmax) ∼ 0.8 pc for
the sheath at a distance of z = 17 pc from the central engine, which is roughly the
scale where the radio core is situated in our stacked map at 43 GHz (Marscher et al.,
2010).
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Although the plasma in this sheath needs to move relativistically for beaming
to allow us to detect it, given this transverse velocity gradient, we infer the presence
of an even slower sheath upstream, where the ring in our model could be located
(as discussed in §2.3 and illustrated in Figure 2.9). An enhancement, such as a ring
of shocked plasma, in this more slowly moving sheath of plasma could potentially
supply the seed photons that our model requires to explain the observed orphan flares
within PKS 1510−089.
2.6 Chapter Summary
We have developed a model to explain the origins of orphan γ-ray flares from
blazars and have applied this model to a specific orphan flare within the blazar PKS
1510−089. In this model, a shocked segment of a slow jet sheath provides a localized
source of seed photons that are inverse-Compton scattered by electrons contained
within a blob of plasma moving relativistically along the spine of the jet. This
inverse-Compton scattering results in the production of a sharply peaked orphan
γ-ray flare. Synthetic light curves produced by this model are able to reproduce
the general features of the observed γ-ray light curve during an orphan flare event
associated with the ejection of a superluminal knot from the base of the jet of PKS
1510−089. The model is also able to reproduce the double-peaked profile seen in the
SEDs of most blazars. This model can potentially be used to discern the nature of
the motion of the blob along the spine of the jet based on the shape of the observed
orphan flare. We have stacked radio images of PKS 1510−089 obtained with the
VLBA at 43 GHz at multiple epochs. We find the polarimetric signature of a sheath
in our stacked map, thus lending observational support to the plausibility of this
model of orphan γ-ray flares within blazars.
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Fig. 2.9: A schematic of the relative locations along the jet of both the ring of shocked
sheath plasma in our model and the location of the radio core/sheath detected further
downstream in the stacked radio images of PKS 1510−089 shown in Figure 2.6. This
sketch is projected onto the plane of the sky. As discussed in §2.3, we posit that the
ring is located ∼ 4 pc from the central engine while the radio core in the stacked
map is located further downstream at a scale of > 10 pc from the central engine.
We propose that the radio core in PKS 1510−089 is associated with a recollimation
shock that compresses initially tangled magnetic field along the spine of the jet an
orders that field perpendicular to the jet axis (the red vectors just to the right of the
recollimation shock). The jet has an opening angle < 2◦ and the recollimation shock
subtends an angle to the jet axis < 10◦. In contrast to the spine, velocity shear
between the sheath and the ambient medium (blue vectors denote relative speed)
aligns the magnetic field lines on the outer edges of the jet to be roughly parallel
to the jet axis resulting in the spine-sheath polarization signature we detect in our
stacked map of PKS 1510−089 (shown to the right).
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Chapter 3
“Orphan” γ-ray Flares and Stationary
Sheaths of Blazar Jets
3.1 Chapter Introduction
In this chapter, we extend our modeling of orphan γ-ray flares and anal-
ysis of radio maps to a larger sample of blazars. In particular, we search for
orphan γ-ray flares in a sample of blazars monitored by the BU blazar group:
www.bu.edu/blazars/VLBAproject.html. We calculate γ-ray light curves using data
provided by the Fermi Gamma-ray Space Telescope and construct optical light curves
in R band using ground based telescopes around the world (for details see Williamson
et al. 2014).
In order to detect the faint polarimetric signature of a jet sheath, we implement a
method of radio map stacking (see, e.g., Fromm et al. 2013; Zamaninasab et al. 2013).
For each blazar in our sample, we stack roughly twenty radio images obtained at a
frequency of 43 GHz with the Very Long Baseline Array (VLBA) as part of VLBA-
BU-BLAZAR program (see www.bu.edu/blazars/VLBAproject.html). In particular,
we selected epochs from relatively quiescent periods of jet activity. The aim of
stacking the images is to “smooth” out transient features (like blobs propagating
down the jet) and to “amplify” more static structures in the jet (like a jet sheath).
Each image is carefully aligned within the stack based on the location of the radio
core at 43 GHz. At the majority of our epochs, the radio core is the brightest feature
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Fig. 3.1: A schematic representation of the process of stacking radio maps
for the blazar 3C 273. For each of the blazars in our sample, we selected
roughly twenty epochs of relatively quiescent jet activity. The VLBA data were
obtained from 2008 to 2016 as part of the VLBA-BU-BLAZAR program (see
www.bu.edu/blazars/VLBAproject.html and Jorstad et al. (2013) for a general de-
scription of the observations and data analysis). For each epoch we used Difmap’s
modelfit task to locate the radio core. The images were then aligned (based on the
location of the radio core) and added together to create stacked I, Q, and U maps
(shown in Figure 3.2).
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in the jet; however, there are epochs where the flux from a blob downstream exceeds
that of the radio core. In order to avoid misidentification of the radio cores at the
various epochs included in our stacked maps, we use the Difmap procedure modelfit
to identify the core among the features in each radio map. We then use an IDL code
to align and stack the images (see Figure 3.1) based on the location of the radio core
in each image. By stacking these images we are able to build up a radio signal from
the periphery of each jet in our sample where the plasma sheath is hypothesized to
exist.
3.2 Results
3.2.1 3C 273
As a test of our stacking procedure’s ability to detect jet sheaths, we selected
the blazar 3C 273. At a redshift of z = 0.158 (Lavaux & Hudson 2011), 3C 273 is
one of the closest examples of a blazar, and as such, is an ideal candidate to search
for a jet sheath. As outlined in §3.1, we selected twenty relatively quiescent epochs
of jet activity to create the stacked radio map shown in Figure 3.2. As predicted by
the spine-sheath model, the linear polarization increases toward the edges of the jet
downstream of the radio core. The EVPAs downstream are predominantly inclined
to the jet spine (shown as a red line delineating the historical trajectories taken by
blobs ejected from the radio core). A series of slices was taken through our stacked
map to highlight the profiles of the Stokes parameters transverse to the jet axis.
Figure 3.3 shows the profiles of the Stokes parameters (I, Q, and U) transverse
to the jet axis along the fifth slice through our stacked map (Figure 3.2). The
upper middle panel highlights the double peaked profile in the linearly polarized
intensity (
￿
Q2 + U2). The lower middle panel shows how the fractional polarization
(
￿
Q2 + U2/I) increases towards the edges of the jet, in agreement with the spine-
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sheath model. It should be noted that there is a polarized feature just downstream
of the radio core in our stacked map (Figure 3.2, slice 2) with EVPAs aligned parallel
to the jet spine. This is a signature expected for a standing shock just downstream
of the radio core that compresses and aligns the magnetic field (Cawthorne & Cobb
1990).
We detect an orphan γ-ray flare in the Fermi LAT light curve during March
2010. The corresponding light curves in γ-rays and in the optical band are shown
in Figure 3.4. The VLBA images also exhibit the ejection of a blob from the radio
core of 3C 273 during the onset of this orphan flare on March 6th 2010 ± 25 days
(Jorstad et al. 2017, in prep.), with a bulk Lorentz factor of Γ ∼ 6. The time of
the blob ejection is demarcated by a vertical arrow in the lower panel of Figure 3.4.
We attempt to reproduce this orphan flare with the Ring of Fire model presented
in Chapter 2. The Ring of Fire model parameters are discussed in §2.3 and listed
in Table 2.1 (with PKS 1510−089 specific values). The general strategy used to fit
the orphan flares presented in this chapter was to start with the parameters listed in
Table 2.1 which were used to model the orphan γ-ray flare within PKS 1510−089. As
discussed in §2.4 and illustrated in Figure 2.5, the shape of the orphan flare profile
produced by the Ring of Fire model is very sensitive to the nature of the blob’s
acceleration down the jet spine. With this in mind, the ring and blob parameters
were held constant and only the nature of the blob’s acceleration and internal energy
content were modified to obtain a fit to the data. The parameters Γinitial, Γfinal, zinitial,
zfinal, Pinj, the baseline fluxes, the angle of inclination of the jet to our line-of-sight
(θobs), and the redshift (Z) are all source/flare specific for the sample of blazars
considered in this chapter and these values are listed in Tables 3.1 and 3.2 (located
at the end of this chapter). The synthetic γ-ray and optical light curves produced by
the 3C 273 specific Ring of Fire model are overlaid in red in Figure 3.4. Due to the
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larger inclination angle of the jet in 3C 273 to our line-of-sight (θobs = 6.1◦ in contrast
to PKS 1510−089 where θobs = 1.4◦; Jorstad et al. 2005), the power (Pinj) injected
into the blob was also increased in order to match the observed flux levels. The bulk
Lorentz factor used in our model (Γ ∼ 25) is much larger than the apparent speed
of the knot above. The disparity in these values highlights either (i) a shortcoming
in our model or (ii) some form of (de)acceleration experienced by the blob upstream
of the core (see, e.g., Georganopoulos & Kazanas 2003).
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Fig. 3.2: A stacked map of 43 GHz images of 3C 273 spanning twenty epochs of
observation from 2008 to 2016. The black contours correspond to total intensity
(contour levels are: 3.8, 7.5, 15.0, 30.0, 60.1, 120.2, 240.5, 480.9, 961.9, 1923.9 mJy
beam−1), whereas the underlying color scheme corresponds to polarized intensity
(see color bar to the right for the flux levels), with the EVPAs denoted by black line
segments. The EVPAs indicate the orientation of linear polarization as projected
onto the plane of the sky. All images have been convolved with a Gaussian beam,
shown in the bottom right corner of the stacked map. A jet spine is plotted in
red based on the transverse symmetry of the jet, across which ten transverse slices
through the data are taken (shown in blue). The profiles of the emission parameters
along the fifth slice are shown in Figure 3.3. The two black lines highlight the angle
(θ⊥) between 0◦ (i.e. North) and 90◦ relative to the jet spine (in red) for the fifth
slice. This transverse orientation relative to the jet spine is plotted as a horizontal
black line in Figure 3.3 to highlight EVPAs that are oriented roughly perpendicular
to the jet axis.
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Fig. 3.3: Variations of the emission parameters of 3C 273 transverse to the jet axis
(dashed red line) for slice 5 (shown in Figure 3.2) from top to bottom: total intensity,
polarized intensity, fractional polarization, and EVPA. The fractional polarization
increasing toward the edges of the jet is a predicted polarimetric signature of a jet
sheath (as discussed in §2.5), with the EVPA transverse to the axis. The black line
in the lower panel delineates EVPAs that are exactly ⊥ to the jet spine.
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Fig. 3.4: Light curves of 3C 273 (black circles) in the γ-rays (upper panel) and
optical (lower panel). The model light curves are overlaid in red and consist of the
superposition of the model baseline level of flux in each band (the horizontal dashed
black line) and the variable emission produced by the model (the dotted black line).
The vertical arrow in the lower panel marks the time when a superluminal knot
passed through the 43 GHz core of 3C 273, with the horizontal bar representing the
uncertainty in this time.
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3.2.2 4C 71.07
Figure 3.5 presents a stacked radio map of the blazar 4C 71.07 (0836+710). A
very prominent and continuous polarimetric signature of a jet sheath is evident down
the edges of the jet in this stacked radio image. Given the continuous nature of the jet
sheath on the image, we can estimate the bolometric luminosity of the sheath. This
is accomplished by first using the extent of the polarized intensity profile along each
of the slices to trace out the shaded gray regions shown in Figure 3.7 (see also Figure
3.5). The width of the sheath on each side of the slice is determined, arbitrarily,
by the location where the polarized flux falls below 0.85 times the peak value. An
estimate of the bolometric luminosity (Lbol) of the sheath is computed by adding
all of the flux contained within the gray shaded regions of our stacked map. We
convert this inferred sheath flux at 43 GHz into a spectral luminosity and assume
a power-law (Lν ∝ ν−α), which we then integrate over a range of frequencies that
encompass the sheath’s radiation to obtain:
Lbol =
￿ νmax
νmin
Lν dν ∼ 1× 1044 erg s−1, (3.1)
where we have assumed a spectral index of α ∼ 1.0 and limits of integration of
νmin = 109 Hz and νmax = 5× 1013 Hz. Our estimate indicates that the jet sheath is
an important source of seed photons even at parsec scales. An estimate of the inner
(rmin) and outer (rmax) radii of the sheath was made by averaging the values obtained
for these parameters relative to the jet spine for each slice through the stacked map.
We find that rmin ∼ 0.27 pc and rmax ∼ 0.34 pc. These values are larger than the
inner and outer radii used in our model of the ring (see Table 2.1) that we posit to
exist upstream of the radio core.
We detect two orphan γ-ray flares in the Fermi LAT light curve of 4C 71.07
during 2014 (Figure 3.8), although the optical observations are sparse. The first
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Fig. 3.5: A stacked map of 43 GHz images of 4C 71.07 spanning twenty epochs of
observation from 2008 to 2016. As in Figure 3.2, the black contours correspond to
total intensity (contour levels are: 0.9, 1.9, 3.9, 7.9, 15.8, 31.7, 63.4, 126.9, 253.9,
507.8 mJy beam−1), whereas the underlying color scheme corresponds to polarized
intensity (see color bar to the right for the flux levels), with the EVPAs denoted by
black line segments. The EVPAs indicate the orientation of linear polarization as
projected onto the plane of the sky. All images have been convolved with a Gaussian
beam, shown in the bottom right corner of the stacked map. A jet spine is plotted in
red based on the transverse symmetry of the jet, across which ten transverse slices
through the data are taken (shown in blue). The profiles of the emission parameters
along the first slice are shown in Figure 3.6. The shaded gray regions in the above
map highlight the nominal location of the jet sheath of 4C 71.07 as determined by
the procedure illustrated in Figure 3.7.
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Fig. 3.6: Variations of the emission parameters transverse to the jet axis (dashed red
line) of 4C 71.07 for slice 1 (shown in Figure 3.5) from top to bottom: total intensity,
polarized intensity, fractional polarization, and EVPA. The fractional polarization
increasing toward the edges of the jet is a predicted polarimetric signature of a jet
sheath (as discussed in §2.5), with the EVPA transverse to the axis. The black line
in the lower panel delineates EVPAs that are exactly ⊥ to the jet spine.
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Fig. 3.7: The polarized intensity profile of 4C 71.07 along slice 1 (dashed blue line
corresponding to the right-hand axis) is overlaid upon the total intensity profile for
slice 1 (solid blue line corresponding to the left-hand axis). We use this double-peaked
profile to highlight the likely location of the sheath within each slice (shaded gray
regions). The sheath’s contribution to the jet’s total intensity profile is estimated
by the values of total intensity (red circles) that are cospatial with the peaks of the
polarized intensity profile (demarcated by dashed vertical lines). This procedure is
then repeated for each slice, thus tracing out the sheath (shaded gray regions) shown
in Figure 3.5.
orphan flare occurred in May followed by a second in October. Table 3.1 lists the
Ring of Fire model parameters used to obtain a fit to this pair of orphan flares. For
this particular case, two consecutive blobs were launched through the ring of shocked
sheath. The nature of the blob acceleration down the jet spine was identical for the
two blobs, with the only difference being a slightly smaller injection power used in
the passage of the second blob through the ring. The VLBA monitoring indicates
the ejection of a blob from the 43 GHz core of 4C 71.07 on July 24th 2014 ± 55
days (Jorstad - private communication) with a bulk Lorentz factor of Γ ∼ 32. The
bulk Lorentz factor in our model (Γ ∼ 10) is too low compared to this VLBI speed.
Again, as in the case of 3C 273, this discrepancy potentially highlights some form of
acceleration occurring within the jet (see, e.g., Marscher et al. 2008, Homan et al.
2015).
72
-200 -100 0 100 200 300
days from orphan flare peak
0
2
4
6
8
10
12
F 
( 1
0-7
 
ph
ot
 c
m
-
2  
s-
1  
)
4C 71.07 data
(0.1-200 GeV)
model lightcurvesflare1
05/27/2014
flare2
10/18/2014
-200 -100 0 100 200 300
days from orphan flare peak
0.0
0.5
1.0
1.5
2.0
F ν
 
(m
Jy
)
4C 71.07 data
(R-Band)
model lightcurves
Fig. 3.8: Light curves of 4C 71.07 (black circles) in the γ-rays (upper panel) and
optical (lower panel). The model light curves are overlaid in red and consist of the
superposition of the model baseline level of flux in each band (the horizontal dashed
black line) and the variable emission produced by the model (the dotted black line).
The vertical arrow in the lower panel marks the time when a superluminal knot
passed through the 43 GHz core of 4C 71.07, with the horizontal bar representing
the uncertainty in this time.
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3.2.3 3C 279
In Figure 3.9 we present a stacked radio map of the blazar 3C 279. In contrast
to the stacked radio maps of 3C 273 (Figure 3.2) and 4C 71.07 (Figure 3.5), our map
of 3C 279 shows a far more complex polarimetric pattern down the length of the jet.
Initially, the EVPAs are aligned perpendicular to the jet axis in the vicinity of the
radio core. The polarization then bifurcates across the width of the jet, with the
EVPAs remaining inclined predominantly perpendicular to the jet axis (especially
on the edges of the jet). The linearly polarized intensity, however, peaks to one side
of the jet (see the upper middle panel of Figure 3.10, in which the “double-peaked”
linearly polarized intensity profile is not as symmetric as those shown in Figures 3.3
& 3.6). Farther downstream the EVPAs align with the jet axis and the polarization
becomes confined to the jet spine. The linearly polarized intensity present in our
stacked radio map highlights the complex nature of the magnetized plasma within
3C 279 on parsec scales. The observed peak in the polarized intensity (located to the
left of the jet axis in Figure 3.9) may be associated with a standing feature within
the jet downstream of the radio core. This feature might represent a “bend” in
the jet, which would create a localized “hot spot” resulting from a standing oblique
shock that deflects the radio jet as it encounters the surrounding ambient medium.
The fact that the polarimetric signature of the sheath is confined to such a small
region is encouraging from a modeling standpoint. The Ring of Fire model would
predict that, as a blob propagates through this particular region within 3C 279, one
might expect to observe an orphan flare due to the inverse-Compton scattering of
this segment of sheath’s photons off of the blob’s electrons.
An orphan γ-ray flare with no similar optical counterpart is seen in the Fermi
LAT light curve of 3C 279 during April 2014. The corresponding γ-ray and optical
light curves are shown in Figure 3.11. Table 3.1 lists the Ring of Fire model param-
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eters used to obtain a fit to this orphan γ-ray flare. Again, the synthetic γ-ray and
optical light curves produced by the Ring of Fire model are overlaid in red. There
are several statistically significant data points in the γ-ray flare profile that are not
reproduced by the Ring of Fire model. These three data points occur shortly after
the onset of the orphan flare and result in a “kink” in the flare profile. This kink
could represent some catastrophic loss of electrons within the blob, perhaps as the
relativistic electron injection mechanism at work within the blob (e.g., turbulence or
magnetic reconnection) momentarily ceases. This type of short-term discontinuity in
the flare profile is not accounted for in the Ring of Fire model, in which the internal
conditions within the blob remain fixed over the course of the blob’s passage through
the ring of shocked sheath.
The VLBA-BU-Blazar program detected the ejection of a blob 57 ± 47 days
before this orphan flare with a bulk Lorentz factor of Γ ∼ 21 (Jorstad - private com-
munication). This estimate (and its uncertainty) are based on a detailed kinematic
analysis of the trajectory taken by the blob through the jet (see Jorstad et al. 2005).
Perhaps the orphan flare in Figure 3.11 is associated with this blob as it propagates
through the sheath region highlighted downstream of the core in Figure 3.9. A sec-
ond blob was also detected 196 ± 33 days after this flare with a bulk Lorentz factor
of Γ ∼ 31.
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Fig. 3.9: A stacked map of 43 GHz images of 3C 279 spanning ten epochs of obser-
vation from 2008 to 2016. The black contours correspond to total intensity (contour
levels are: 20.5, 41.0, 82.0, 164.0, 328.0, 656.1, 1312.2, 2624.4, 5248.9 mJy beam−1),
whereas the underlying color scheme corresponds to polarized intensity (see color bar
to the right for the flux levels), with the EVPAs denoted by black line segments. The
EVPAs indicate the orientation of linear polarization as projected onto the plane of
the sky. All images have been convolved with a Gaussian beam, shown in the bottom
right corner of the stacked map. A jet spine is plotted in red based on the transverse
symmetry of the jet, across which ten transverse slices through the data are taken
(shown in blue). The profiles of the emission parameters along the first slice are
shown in Figure 3.10.
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Fig. 3.10: Variations of the emission parameters of 3C 279 transverse to the jet axis
(dashed red line) for slice 1 (shown in Figure 3.9) from top to bottom: total intensity,
polarized intensity, fractional polarization, and EVPA. The fractional polarization
increasing toward the edges of the jet is a predicted polarimetric signature of a jet
sheath (as discussed in §2.5), with the EVPA transverse to the axis. The black line
in the lower panel delineates EVPAs that are exactly ⊥ to the jet spine.
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Fig. 3.11: Light curves of 3C 279 (black circles) in the γ-rays (upper panel) and
optical (lower panel). The model light curves are overlaid in red and consist of the
superposition of the model baseline level of flux in each band (the horizontal dashed
black line) and the variable emission produced by the model (the dotted black line).
The vertical arrow in the lower panel marks the time when a superluminal knot
passed through the 43 GHz core of 3C 279, with the horizontal bar representing the
uncertainty in this time.
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3.2.4 1055+018
Figure 3.12 illustrates a stacked radio map of the blazar 1055+018. In this
stacked map the peak of the polarized intensity is co-spatial with the radio core.
The EVPAs within the radio core are roughly aligned with the axis of the jet (in
red) indicative of shock acceleration compressing and aligning the magnetic field
perpendicular to the jet flow. Slightly downstream of the polarized emission in the
core is a second polarimetric feature on the edge of the jet (to the west). Within this
second feature the EVPAs are inclined to the jet axis shown in red. This feature is
not mirrored on the other side of the jet as in the map of 4C 71.07 (Figure 3.5). The
sheath polarization that we do detect is probably Doppler beamed to some extent.
It is possible that there is a sheath located on the far side of the jet (to the east)
that is undetected due to weaker Doppler beaming as a result of jet orientation.
The profiles of the Stokes emission parameters transverse to the jet axis along
the third slice through our stacked map of 1055+018 are shown in Figure 3.13.
The increase in fractional linear polarization towards the edges of the jet is clearly
visible in the lower middle panel. The linearly polarized intensity profile (upper
middle panel) is asymmetric across the jet axis. It should be pointed out that an
alternate interpretation of these polarimetric profiles is that, in contrast to the spine-
sheath model, the jet carries a large scale helical magnetic field (see, e.g., Gabuzda,
Reichstein, & O’Neill 2013). A determination of the rotation measure (RM) across
the width of the jet can, in theory, distinguish between these two scenarios. We
adopt the spine-sheath interpretation in this dissertation. Regardless of whether
the polarization that we detect emanates from a jet sheath or a large scale helical
magnetic field, this polarization does delineate a distinct region of magnetized plasma
within the jet that will produce a localized source of seed photons (required by the
Ring of Fire model).
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The Fermi LAT detected an orphan γ-ray flare with no optical counterpart in
1055+018 during February 2014. The corresponding γ-ray and optical light curves are
shown in Figure 3.14. Table 3.2 lists the Ring of Fire model parameters used to obtain
a fit to this orphan γ-ray flare, with the model light curves overlaid in red. The nature
of the blob’s acceleration was adjusted until a fit to this asymmetric orphan flare pro-
file (with a more gradual flare onset and a steeper flare decay) was obtained. As with
the other orphan flare models presented in this chapter, the ring parameters were held
constant and the blob’s injection power was altered to fit the corresponding level of
flux. There is a slight “bump” in the synthetic optical light curve due to the Doppler
boost of the emission gained from the blob’s acceleration down the jet spine. The
synchrotron emission in the co-moving frame of the blob, however, remains constant
due to the fixed nature of the magnetic field within the blob during the simulation.
The VLBA-BU-Blazar program detected the ejection of a blob from the radio core of
1055+018 214± 88 days after this flare with a bulk Lorentz factor of Γ ∼ 15 (Jorstad -
private communication). This VLBI speed is similar to our model value of Γfinal ∼ 20
(see Table 3.2). The Ring of Fire posits that the site of orphan γ-ray flare produc-
tion is located upstream of the radio core. Our model, therefore, predicts that one
should indeed see radio blobs pass through the 43 GHz core after the occurrence of
an orphan flare.
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Fig. 3.12: A stacked map of 43 GHz images of 1055+018 spanning twenty epochs
of observation from 2008 to 2016. The black contours correspond to total intensity
(contour levels are: 2.8, 5.7, 11.4, 22.9, 45.8, 91.6, 183.3, 366.7, 733.4, 1466.9 mJy
beam−1), whereas the underlying color scheme corresponds to polarized intensity
(see color bar to the right for the flux levels), with the EVPAs denoted by black line
segments. The EVPAs indicate the orientation of linear polarization as projected
onto the plane of the sky. All images have been convolved with a Gaussian beam,
shown in the bottom right corner of the stacked map. A jet spine is plotted in
red based on the transverse symmetry of the jet, across which ten transverse slices
through the data are taken (shown in blue). The profiles of the emission parameters
along the third slice are shown in Figure 3.13.
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Fig. 3.13: Variations of the emission parameters of 1055+018 transverse to the jet
axis (dashed red line) for slice 3 (shown in Figure 3.12) from top to bottom: total
intensity, polarized intensity, fractional polarization, and EVPA. The fractional po-
larization increasing toward the edges of the jet is a predicted polarimetric signature
of a jet sheath (as discussed in §2.5), with the EVPA transverse to the axis. The
black line in the lower panel delineates EVPAs that are exactly ⊥ to the jet spine.
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Fig. 3.14: Light curves of 1055+018 (black circles) in the γ-rays (upper panel) and
optical (lower panel). The model light curves are overlaid in red and consist of the
superposition of the model baseline level of flux in each band (the horizontal dashed
black line) and the variable emission produced by the model (the dotted black line).
The vertical arrow in the lower panel marks the time when a superluminal knot
passed through the 43 GHz core of 1055+018, with the horizontal bar representing
the uncertainty in this time.
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3.2.5 CTA 102
In Figure 3.15 we present a stacked radio map of the blazar CTA 102. Similar
to 4C 71.07, a continuous polarimetric signature of a jet sheath is evident down the
edges of the jet in this stacked radio image. Given the continuous nature of the jet
sheath present, we again compute an estimate of the bolometric luminosity of the
sheath. The extent of the polarized intensity profile along each slice was used to
trace the shaded gray regions shown above. This was done by using the width of the
sheath on each side of each slice (shown explicitly in Figure 3.17) after determining,
arbitrarily, the location where the polarized flux falls below 0.85 times the peak
value. An estimate of the bolometric luminosity (Lbol) of the sheath is computed by
adding all of the flux contained within the gray shaded regions of Figure 3.15. As
in §3.2.2, we convert this inferred sheath flux at 43 GHz into a spectral luminosity
and assume a power-law (Lν ∝ ν−α), which we then integrate from νmin = 109 Hz to
νmax = 5×1013 Hz. Using Equation 3.1, we obtain: Lbol ∼ 3×1045 erg s−1, where we
have again assumed a spectral index of α ∼ 1.0. Similar to 4C 71.07, our estimate
above indicates that the jet sheath in CTA 102 is an important source of seed photons
even at parsec scales. An estimate of the inner (rmin) and outer (rmax) radii of the
sheath was also obtained: we find that rmin ∼ 0.84 pc and rmax ∼ 1.28 pc. Similar to
the sheath in 4C 71.07, these values are much larger than the inner and outer radii
used in our model of the ring (see Table 2.1) that we posit to exist upstream of the
radio core.
The Fermi LAT detected an orphan γ-ray flare from CTA 102 during June 2011
(Figure 3.18). Table 3.2 lists the Ring of Fire model parameters used to obtain a
fit to this orphan flare. The VLBA also observed the ejection of two blobs from
the radio core of CTA 102, one occurring roughly 200 days before the onset of the
orphan flare and the other roughly 200 days after. The times of the blob ejections
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Fig. 3.15: A stacked map of 43 GHz images of CTA 102 spanning twenty epochs
of observation from 2008 to 2016. The black contours correspond to total intensity
(contour levels are: 2.0, 4.0, 8.0, 16.1, 32.2, 64.5, 129.0, 258.1, 516.3, 1032.6 mJy
beam−1), whereas the underlying color scheme corresponds to polarized intensity
(see color bar to the right for the flux levels), with the EVPAs denoted by black line
segments. The EVPAs indicate the orientation of linear polarization as projected
onto the plane of the sky. All images have been convolved with a Gaussian beam,
shown in the bottom left corner of the stacked map. A jet spine is plotted in red based
on the transverse symmetry of the jet, across which ten transverse slices through the
data are taken (shown in blue). The profiles of the emission parameters along the
second slice are shown in Figure 3.16. The shaded gray regions in the above map
highlight the nominal location of the jet sheath of CTA 102 as determined by the
procedure illustrated in Figure 3.17.
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Fig. 3.16: Variations of the emission parameters of CTA 102 transverse to the jet axis
(dashed red line) for slice 2 (shown in Figure 3.15) from top to bottom: total intensity,
polarized intensity, fractional polarization, and EVPA. The fractional polarization
increasing toward the edges of the jet is a predicted polarimetric signature of a jet
sheath (as discussed in §2.5), with the EVPA transverse to the axis. The black line
in the lower panel delineates EVPAs that are exactly ⊥ to the jet spine.
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Fig. 3.17: The polarized intensity profile of CTA 102 along slice 2 (dashed blue line
corresponding to the right-hand axis) is overlaid upon the total intensity profile for
slice 2 (solid blue line corresponding to the left-hand axis). We use this double-peaked
profile to highlight the likely location of the sheath within each slice (shaded gray
regions). The sheath’s contribution to the jet’s total intensity profile is estimated
by the values of total intensity (red circles) that are cospatial with the peaks of the
polarized intensity profile (demarcated by dashed vertical lines). This procedure is
then repeated for each slice, thus tracing out the sheath (shaded gray regions) shown
in Figure 3.15.
are demarcated by vertical arrows in the lower panel of Figure 3.18. Casadio et al.
(2015) performed a detailed analysis of the kinematics of the blobs detected by the
VLBA during these epochs and reported bulk Lorentz factors of the order Γ ∼ 26.
These VLBI speeds are not all that dissimilar from the blob speed used in our model
of this orphan flare (Γfinal ∼ 35). The blob that passed through the core of CTA 102
roughly 200 days after this orphan flare may have supplied the electrons required to
scatter the sheath photons.
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Fig. 3.18: Light curves of CTA 102 (black circles) in the γ-rays (upper panel)
and optical (lower panel). The model light curves are overlaid in red and consist
of the superposition of the model baseline level of flux in each band (the horizontal
dashed black line) and the variable emission produced by the model (the dotted black
line). The vertical arrows in the lower panel mark the time when superluminal knots
passed through the 43 GHz core of CTA 102, with the horizontal bars representing
the uncertainty in these times.
88
3.2.6 3C 345
We display a stacked radio map of the blazar 3C 345 in Figure 3.19. In contrast
to the blazars discussed above, there is no polarimetric signature of a jet sheath
present in our stacked map. Instead, the polarization is concentrated along the cen-
ter of the jet, with the EVPAs aligned predominantly parallel to the jet axis. This
alignment, in contrast to jet shear, is that expected from diffusive shock acceleration
within the jet that compresses the magnetic field and aligns the field lines perpen-
dicular to the jet flow, resulting in EVPAs oriented parallel to the spine of the jet
(Wardle et al. 1994). The jet undergoes two bends downstream of the radio core, and
the EVPAs maintain their orientation with respect to the jet axis around each bend.
We searched through archival γ-ray and optical light curves to look for instances of
orphan γ-ray flares within 3C 345. We were unable to find any (see Figure 3.20).
This suggests that an enhancement in the jet sheath is not present within 3C 345.
The lack of a polarimetric signature of a jet sheath within 3C 345 might indicate
that, while jet sheaths are almost certainly present within all blazars, the sheath
itself only becomes “enhanced” at certain times within the span of a blazar’s lifetime
(perhaps as a portion of the sheath encounters a standing shock within the jet). This
would explain why the majority of blazar γ-ray flares are not orphan in nature. It is
also possible that the jet sheath is present, but we are unable to detect it due to the
extreme gradient in intrinsic brightness between the spine and the sheath. In order
to compute a rough estimate of the upper limit of the bolometric luminosity of a jet
sheath within 3C 345, we trace (in gray) a region on the periphery of the jet within
which a sheath might exist (see Figure 3.19). Similar to §3.2.2, we add up the flux in
these gray sheath regions at 43 GHz, but instead of using jet flux we use an estimate
of the ambient noise in our stacked map (obtained within the box shown in Figure
3.19). Using Equation 3.1, we obtain an upper limit to the bolometric luminosity of
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a sheath of Lbol ∼ 5× 1042 erg s−1, where we have again assumed a spectral index of
α ∼ 1.0 and limits of integration of νmin = 109 Hz and νmax = 5× 1013 Hz. The ma-
jority of the stacked maps presented in this chapter are comprised of twenty epochs
of observation. It might be profitable to continue stacking to see whether additional
maps yield a still fainter signature of a jet sheath within 3C 345.
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Fig. 3.19: A stacked map of 43 GHz images of 3C 345 spanning twenty epochs of
observation from 2008 to 2016. The black contours correspond to total intensity
(contour levels are: 6.9, 13.9, 27.8, 55.6, 111.3, 222.7, 445.4, 890.8, 1781.6, 3563.2
mJy beam−1), whereas the underlying color scheme corresponds to polarized intensity
(see color bar to the right for the flux levels), with the EVPAs denoted by black line
segments. The EVPAs indicate the orientation of linear polarization as projected
onto the plane of the sky. All images have been convolved with a Gaussian beam,
shown in the bottom right corner of the stacked map. The shaded gray regions in the
above map highlight the absence of the polarimetric signature of a jet sheath within
3C 345. The box delineates a region within which we compute an estimate of the
ambient noise in this stacked radio map.
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Fig. 3.20: Light curves of 3C 345 (black circles) in the γ-rays (upper panel) and
optical (lower panel). In contrast to the orphan flare profiles presented in sections
§3.2.1-§3.2.5, here there is little evidence of prominent orphan γ-ray flaring activity.
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3.3 Chapter Summary
We have created stacked 43 GHz maps of the milliarcsecond-scale structure of
the total and polarized intensity of the blazars 3C 273, 4C 71.07, 3C 279, 1055+018,
CTA 102, and 3C 345. Each stacked map is carefully constructed from data collected
over the course of eight years as part of the VLBA-BU-BLAZAR program, creating
images with unprecedented dynamic range, sensitivity, and angular resolution. We
find the polarimetric signature of a jet sheath within five of these stacked radio maps.
In the stacked radio map within which we did not detect the polarimetric signature
of a jet sheath (3C 345 - Figure 3.19), we were also unable to find any instances of
orphan γ-ray flares. This perhaps indicates that localized enhancements within the
jet sheath, required by the Ring of Fire model, persist only for a short period of
time. This would explain why the majority of γ-ray flares detected within blazars
are not orphan in nature. The five blazars (3C 273, 4C 71.07, 3C 279, 1055+018,
and CTA 102) in which we detect a jet sheath have all exhibited orphan flaring
behavior. The Ring of Fire model, developed by MacDonald et al. (2015), is able
to reproduce the basic time profiles of these orphan flares. This model invokes the
presence of a localized enhancement within the jet sheath (a shocked segment/ring)
to create a source of seed photons that are inverse-Compton scattered up to high
energies by electrons contained within a blob moving relativistically along the jet
spine and through the enhancement. By simply varying the nature of the blob’s
acceleration down the spine of the jet we are able to obtain fits to all five of these
orphan flare profiles. This highlights the potential of the Ring of Fire model to
explain all orphan γ-ray flaring behavior from within blazars based on the radiative
interplay between plasma sheaths and plasma blobs within these relativistic jets. As
discussed in MacDonald et al. (2015), we find no conflict (as suggested by Nalewajko
et al. 2014) in the sheath’s ability to supply sufficient levels of seed photons for
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inverse-Compton scattering while not simultaneously outshining the jet spine. The
six orphan flares we present in this chapter were contemporaneous with radio blob
ejections detected by analysis of VLBA images (Figures 3.4, 3.8, 3.11, 3.14, & 3.18),
thus lending further observational support to the plausibility of our model. A rough
estimate of the location(s) in the jet of the enhancement in the photon field of the
sheath (i.e., the ring) can be obtained from the time (∆t) between the respective
orphan flare peaks and when each blob passed through the radio core. If we assume,
for simplicity, that the blob travels with a constant velocity (βapp) along the jet, then
the distance ∆z upstream/downstream of the flare from the radio core is given by
∆z ￿ βapp ∆t c
sin(θobs)
. (3.2)
The values obtained from Equation 3.2 for the orphan flares presented in §§3.2.1-
3.2.5 are listed in Tables 3.1 & 3.2. Our model allows for a different location of
γ-ray flare production within the jet than those considered in most interpretations
of blazar light curves, namely: the BLR, a dusty torus, or a standing shock in the
millimeter-wave “core” (e.g., Marscher, 2014; Joshi, Marscher & Bottcher, 2014).
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3C 273 4C 71.07 3C 279
Γinitial 3.0 3.0 2.0
Γfinal 25.0 10.0 20.0
zinitial (pc) −0.4 −0.4 −0.1
zfinal (pc) 0.0 0.0 0.1
Pinj flare1 (ergs s−1) 5.0× 1045 1.0× 1045 3.0× 1044
Pinj flare2 (ergs s−1) - 9.0× 1044 -
Baseline Flux optical (mJy) 28.7 0.7 3.8
Baseline Flux γ−ray (10−7phot cm−2 s−1) 1.7 0.76 6.5
Z 0.158 2.17 0.538
θobs 6.1◦ 3.0◦ 2.1◦
∆z (pc) 0.4 29.8 27.4
relative to radio core downstream upstream downstream
Table 3.1: Ring of Fire Source Parameters A
1055+018 CTA 102
Γinitial 4.0 2.0
Γfinal 20.0 35.0
zinitial (pc) −0.6 −0.2
zfinal (pc) 0.16 0.0
Pinj flare1 (ergs s−1) 3.0× 1044 4.6× 1045
Pinj flare2 (ergs s−1) - -
Baseline Flux optical (mJy) 0.64 0.7
Baseline Flux γ−ray (10−7phot cm−2 s−1) 0.67 0.67
Z 0.89 1.037
θobs 2.0◦ 2.6◦
∆z (pc) 77.0 96.2
relative to radio core upstream upstream
Table 3.2: Ring of Fire Source Parameters B
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Chapter 4
Faraday Conversion in Turbulent Blazar
Jets
4.1 Chapter Introduction
In this chapter we develop a numerical algorithm to carry out polarized radiative
transfer through the TEMZ model. We have embedded this algorithm into the ray-
tracing code RADMC3D (see http://ascl.net/1202.015), which we use to image the
TEMZ grid. This makes it possible to compute both linear polarization (LP) and
circular polarization (CP) intensity images as a function of both time and frequency
that include the effects of Faraday rotation as well as LP to CP conversion. We
combine the turbulently disordered magnetic field within the TEMZ model with an
ordered component, varying the ratio between the two. The results can be compared
to VLBI images as well as to single-telescope polarization measurements.
4.2 Summary of the TEMZ Model
In the TEMZ code (Marscher, 2014), the jet plasma is divided into thousands
of cylindrical cells (as depicted in Figure 4.1), each with uniform physical properties.
Simulated turbulence is realized through an adaptation of a scheme by Jones (1988),
in which each cell belongs to four nested zones (with dimensions of 1×1×1, 2×2×2,
4× 4× 4, and 8× 8× 8 cells), with each zone contributing a fraction of the turbulent
magnetic field and density of the cells that it contains. These contributions follow
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a Kolmogorov spectrum to determine the relation between the size of the zone and
the fraction of the turbulent field component or electron density (which can include
positrons as well) that the zone provides to its cells. An ordered component of
the magnetic field can optionally be included, superposed on the turbulent field.
The energy density of the particles injected at the upstream end of the jet varies
according to a power-law red-noise spectrum. The magnitudes of the turbulent field
and density of each zone are computed randomly within a log-normal distribution,
while the direction of the field is also determined randomly at the upstream and
downstream borders of the zone and rotated smoothly in between. This scheme
qualitatively reproduces both the randomness of turbulence and correlations among
turbulent cells located near each other. The direction of the turbulent velocity of
each cell is chosen randomly (with magnitude set at a specified fraction of the sound
speed), and this velocity is added vectorially to the systemic velocity.
The turbulence is assumed to endow the plasma with relativistic electrons that
follow a power-law energy distribution. When a plasma cell crosses a standing oblique
(conical in three dimensions) shock in the millimeter-wave core, its electrons are
heated solely via compression if the magnetic field is not close to parallel to the
shock normal, or accelerated to considerably higher energies (while maintaining the
power-law form) if the field is more favorably oriented (see, e.g., Sumerlin & Baring ,
2012). The component of the magnetic field lying perpendicular to the shock normal,
as well as the density, are amplified by the shock compression. Downstream of the
shock, a conical rarefaction decompresses the plasma; beyond this point the emission
is considered to contribute only a small fraction of the flux and hence is ignored.
TEMZ computes the synchrotron emission and absorption coefficients in each
cell as viewed by the observer, taking into account Doppler beaming, the aberrated
direction of the magnetic field (see, e.g., Lyutikov et al., 2005), and light-travel delays.
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It also calculates inverse Compton emission and full time-dependent spectral energy
distributions, but the present work is not concerned with these features.
4.3 Polarized Radiative Transfer
In order to compute both LP and CP at radio frequencies, we need a numerical
algorithm to solve the full Stokes equations of polarized radiative transfer (summa-
rized in Jones & O’Dell 1977; Jones 1988). In particular, we solve the following
matrix along individual rays passing through the TEMZ grid:
￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿
￿
d
dl
+ κI
￿
κQ κU κV
κQ
￿
d
dl
+ κI
￿
κ∗V −κ∗U
κU −κ∗V
￿
d
dl
+ κI
￿
κ∗Q
κV κ∗U −κ∗Q
￿
d
dl
+ κI
￿
￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿
￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿
Iν
Qν
Uν
Vν
￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿
=
￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿
η Iν
η Qν
η Uν
η Vν
￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿￿
(4.1)
Here, Iν , Qν , Uν , and Vν are the frequency-dependent Stokes parameters, while
(η Iν , η
Q
ν , η
U
ν , η
V
ν ) and (κI ,κQ,κU ,κV ) represent, respectively, the emission and ab-
sorption coefficients for the corresponding Stokes parameters. The effects of Faraday
rotation and conversion are governed by the κ∗V and (κ
∗
Q,κ
∗
U) terms, respectively.
Finally, the path length through each cell of plasma is given by l. This matrix has
an analytic solution outlined in Jones & O’Dell (1977). We apply this analytic solu-
tion along individual rays passing through the TEMZ grid (depicted by a red line in
Figure 4.1), following the polarized radiative transfer from cell to cell.
We embed this polarized radiative transfer scheme into the ray-tracing code
RADMC3D. This code allows one to cast thousands of rays through the TEMZ grid,
producing synthetic maps of the resultant polarized emission. The exact analytic
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Fig. 4.1: A schematic representation of the TEMZ model, reproduced from Marscher
(2014) and MacDonald (2016). The radio core of a blazar is modeled as a collection
of thousands of turbulent cells of plasma moving relativistically across a standing
shock. The calculations presented in this study include 169 cells in the cross-section
that includes the Mach disk (a small, transversely oriented shock, which is an optional
feature), and a total of ∼ 13, 000 cells. The red line depicts how, along a given sight-
line through the TEMZ grid, an individual ray crosses multiple cells of plasma, each
with a distinct magnetic field orientation.
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solutions to Equation 4.1 for Iν , Qν , Uν , and Vν , as well as an expression for the
optical depth τ of each TEMZ cell, are given in §6.1. RADMC3D was designed to
handle radiative transfer through non-relativistic media. Analytic expressions that
account for the effects of relativistic aberration of the rays cast by RADMC3D are
also outlined in §6.1.3. In §§4.5 and 6.1.6 we carry out several tests of our algorithm.
4.4 Ray-tracing through an Ordered Magnetic Field
Table 4.1 lists the various adjustable parameters of the TEMZ code, which
include the ratio of ordered magnetic field to the mean turbulent field, the parameter
of greatest importance to the present study. As an initial test of the polarized
radiative transfer algorithm, we have performed a ray-tracing calculation through
the vector-ordered magnetic field shown in Figure 4.2. For this calculation (and the
computations below), the TEMZ grid is composed of over 13, 000 individual plasma
cells grouped into eight concentric cylindrical shells forming the recollimation shock
depicted in Figure 4.1. These cells of plasma were then mapped onto a uniform 120×
120 × 120 cartesian grid through which the ray-tracing calculation was performed.
This grid was input into the RADMC3D code, which cast 640, 000 individual rays
forming 800×800 square-pixel maps of the resultant polarized emission. RADMC3D
uses a first-order cell-based scheme in which the path length (l) through each cell is
determined and all plasma quantities are zone-centered. The image maps from this
first ray-tracing are shown in Figure 4.3.
The angle of inclination of the jet to the line of sight was set to 6◦, and the
jet was given a bulk Lorentz factor of Γ = 6. Each plasma cell was assigned a
characteristic length scale of 0.004 pc. An underlying electron power-law energy
distribution, ne(γ) ∝ γ−s, was assumed to hold over an energy range γmin to γmax,
with s = 2.3 applied throughout the grid. After a cell crosses the shock, the values of
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γmin and γmax are computed as the electrons suffer radiative cooling. Table 4.1 lists
the values of the other TEMZ model parameters used in our calculations. Figure
4.3 shows maps of the fractional circular polarization (mc = −V/I) emerging from
the TEMZ grid. Unlike observations that typically show only one sign of CP in a
given blazar, these synthetic maps contain both positive and negative CP that appear
simultaneously. The levels of circular polarization in these maps reach ∼ 3%. The
highest levels of circular polarization observed to emanate from an extragalactic jet
are ∼ 2 - 4% in the radio galaxy 3C 84 (Homan & Wardle 2004). These preliminary
results are encouraging, but the magnetic field structure used here is highly idealized
and is unlikely to be realized in the astrophysical context of an actual blazar jet.
Symbol Description Value
Z Redshift 0.069
α Optically thin Spectral index 0.65
B Mean magnetic field (G) 0.1
−b Power-law slope of power spectrum 1.7
fB Ratio of energy densities ue/uB 0.03
Rcell Radius of TEMZ cells (pc) 0.004
γmax Maximum electron energy 10000
γmin Minimum electron energy 1000
βu Bulk laminar velocity of unshocked plasma 0.986
βt Turbulent velocity of unshocked plasma 0.0
ζ Angle between conical shock and jet axis 10◦
θobs Angle between jet axis and line of sight 6◦
φ Opening semi-angle of jet 1.9◦
zMD Distance of Mach disk from BH (pc) 1.0
ffield Ratio of ordered helical field to total field 0.1-1.0
ψ Pitch angle of the helical field 85◦
nstep Number of time steps 5000
nrad Number of cells in jet cross-section 169
Table 4.1: TEMZ Model Parameters and Values Used in this Study
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Fig. 4.2: A rendering of the three-dimensional distribution of well-ordered magnetic
field within the TEMZ grid. Each vector depicts the magnetic field orientation within
an individual plasma cell and is color-coded according to the strength of the field
(see color bar to the right).
4.5 Faraday Conversion in a Disordered Magnetic Field
After performing the initial ray-tracing calculation presented in §4.4, we applied
our scheme to the case of a turbulent magnetic field. One would expect that the
increased disorder in the field would increase the birefringence of the jet plasma,
leading to increased Faraday conversion, as found by Ruszkowski & Begelman (2002).
It might also cause depolarization of the emission due to the lack of a systematic
vector-ordered magnetic field component. The interplay between these two effects
should govern the level of CP produced in a turbulent TEMZ grid. In order to explore
these effects in a quantifiable manner, we have tracked several emission parameters
pertaining to CP production along a random sight-line through the TEMZ model. As
a first test, we recorded the fractional CP (mc) from cell to cell along a given sight-line
(see upper panel of Figure 4.4). In one test case (shown in red in the upper panel of
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Fig. 4.3: (Upper panel) - A rendering of the total intensity I in the co-moving
frame highlighting the structure of the TEMZ computational grid. The magnetic
field has the ordered structure displayed in Figure 4.2. (Middle panel) - A plot of
the fractional CP in the co-moving frame highlighting the different regions within the
jet that produce positive and negative CP. (Lower panel) - A plot of the fractional
CP in the observer’s frame at an observing frequency of 43 GHz.
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Figure 4.4), we plot only the fractional CP intrinsic to each cell. In another test case
(shown in blue in the upper panel of Figure 4.4), we also allow Faraday conversion
to attenuate the emission from cell to cell along our sight-line. One can clearly see
that as our ray passes through the turbulent plasma, Faraday conversion increases
the observed level of mc beyond what would be intrinsic to each cell. We also call
attention to the high levels of mc that are produced within the TEMZ model (∼ 15%
for this particular sight-line). These “extreme” CP pixels get “washed” out when we
convolve our resolved emission maps with a circular Gaussian beam (illustrated in
§4.6,4.7 below), resulting in integrated levels of CP mc ∼ 2-3%.
As summarized in Wardle & Homan (2003) and Ruszkowski & Begelman
(2002), the production of CP within blazars most likely results primarily from Fara-
day conversion in a turbulent jet plasma. This process occurs over two stages. Ini-
tially, linearly polarized emission originates from within the jet via synchrotron emis-
sion from relativistic electrons entrained in the jet’s magnetic fields. If we choose a
suitable reference axis, this process will generate Stokes Q. Internal Faraday rota-
tion then converts Q into U as the synchrotron radiation propagates through regions
with different field orientations (the cells in the TEMZ model), which act as internal
Faraday screens (see §4.9). Faraday conversion, a process uniquely intrinsic to rela-
tivistic plasma, then transforms U into V. Therefore, the production of CP within a
blazar jet is dependent upon both the Faraday rotation depth (τF ) and the Faraday
conversion depth (τC) through the intervening jet plasma along the line of sight.
These Faraday depths are themselves dependent upon the optical depth (τ) of the
jet plasma:
τF = ζ
∗
V τ (4.2)
and
τC = ζ
∗
Q τ , (4.3)
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where ζ∗V , ζ
∗
Q, and τ are given in §6.1; their values are specific to the synchrotron
process (see Equations 6.2, 6.11, and 6.12, respectively). It then follows that the
observed levels of fractional CP are proportional to these Faraday depths, mc ∝
τF τC . As a second test of CP production in the TEMZ grid, in the lower panel of
Figure 4.4 we plot the Faraday rotation and conversion depths from cell to cell along
the same sight-line shown in the upper panel of Figure 4.4. While the conversion
depth τC of each cell remains fairly small along this particular sight-line, we do
indeed see a marked increase (in degree) of the rotation depth τF along the ray. It
is plausible that this increased internal Faraday rotation towards the edge of the jet
drives the increase in CP present in the upper panel of Figure 4.4. An additional
test of our CP algorithm is presented in §6.1.6.
4.6 Ray-tracing through a Disordered Magnetic Field
We proceed to explore the effect that a more turbulent jet environment would
have on the CP emission maps produced by RADMC3D. Figure 4.5 illustrates the
more disordered magnetic field used in our second calculation. All of the model
parameters listed in Table 4.1 remain the same as for the ordered field computations,
except here ffield, the ratio of the ordered helical magnetic field to the total magnetic
field within each TEMZ cell, is set to 0.1 (Figure 4.5). As discussed in §4.5, the
expectation is that the increased disorder in the turbulent TEMZ field will lead to
increased levels of CP. The images from this second ray-trace are shown in Figures
4.6 and 4.7. We convolve these resultant images with a circular Gaussian beam with
a full width at half maximum (FWHM) of ∼ 14 µas that is small enough to illustrate
the main features of the images. The increased level of turbulence in this simulation
is evident in every image. We also convolve the images (shown in §6.2) with a beam
of FWHM ∼ 50 µas that roughly corresponds to the angular resolution of the longest
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Fig. 4.4: (Upper panel) - A plot of fractional circular polarization mc along a
random sight-line through the TEMZ grid. The red diamonds correspond to CP
intrinsic to each TEMZ cell, whereas the blue diamonds highlight the effect that
Faraday conversion has on the observed level of CP along the ray. The radiative
transfer starts at the back of the jet (cell 0) and progresses to the front of the jet
(cell 70), resulting in the creation of one pixel in our image maps. (Lower panel)
- A plot of Faraday rotation depth τF (red diamonds), Faraday conversion depth τC
(blue diamonds), and their product τC τF (black diamonds), along the same sight-line
presented in the upper panel. The cell numbers are identical.
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baselines of a global VLBI array (or one including an antenna in space) at short radio
wavelengths, for comparison with potential future observations.
The integrated levels of circular polarization (mc, shown in the middle panel
of Figure 4.7, and discussed in detail in §4.7 below) reach ∼2.6%, which is still in
rough agreement with observations of circular polarization in blazars (see Homan &
Wardle 2004). However, we find very localized levels of fractional circular polarization
that can reach as high as ∼15% in a disordered (upstream of the shock) TEMZ
field (see upper panel of Figure 4.4 and Figure 6.3 in §6.1). In all instances the
fractional LP (ml) is much larger than the fractional CP (mc); however, ml always
remains below 71% (the theoretical maximum for synchrotron emission with α =
0.65; Pacholczyk 1970). The dashed white line in the upper left panel of Figure 4.6
delineates an area within which we compute several additional emission properties
(see §4.7). The images presented in Figure 4.6 are obtained at an observing frequency
of νobs = 43 GHz. The I map is positive definite. The Q, U, and V maps exhibit
a range of positive and negative values. In Figure 4.6 we plot only positive values
for ease of visualization. A study of the temporal and spectral variability of these
synthetic image maps is presented in §4.8 and §4.11. An animation of the temporal
variability in each of the Stokes parameter maps over the course of the 5000 time
steps of the simulation (roughly 1000 days in the observer’s frame) can be viewed at
http://people.bu.edu/nmacdona/Research.html.
The upper panel of Figure 4.7 presents a map of linearly polarized intensity
(P ≡ ￿Q2 + U2). The orientation of the LP as projected onto the plane of sky is
demarcated by electric vector position angles (EVPAs) χ. These EVPAs are shown
as black line segments in the upper panel of Figure 4.7. The value of χ within a
given pixel is computed based on the local values of Q and U within that pixel:
χ = 12 arctan( U/Q ). As a further test of our algorithm, we tune our observing
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Fig. 4.5: A rendering of the three-dimensional distribution of an initially disordered
magnetic field, after partial ordering by a conical standing shock, within a turbulent
TEMZ grid. As in Figure 4.2, each vector depicts the magnetic field orientation
within an individual plasma cell, and is color-coded according to the strength of the
field (see color bar to the right).
frequency until the emission emanating from the TEMZ grid reaches the optically
thick limit. As τ → 1 we observe the polarization vectors to rotate by 90◦, as
predicted by the theory of synchrotron self-absorption (Pacholczyk, 1970). Images
obtained of the polarized intensity in the co-moving frame of the plasma (similar to
Figure 4.3) clearly show ordering of the initially turbulent magnetic field downstream
of the shock.
For all of the calculations presented in this chapter, the angle of the jet to our
line of sight (θobs) is set to 6◦. All of our model parameters are similar to those used
by Wehrle et al. (2016) to model BL Lacertae. In the future, we plan to carry out a
more detailed study of the effect that varying degrees of jet inclination can have on
the observed levels of CP. This test will be crucial in determining whether the sign
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of mc is sensitive to the large scale orientation of the jet’s magnetic field with respect
to our line of sight (see Enßlin 2003; Ruszkowski & Begelman 2002).
4.7 Integrated Levels of Fractional Polarization
At the resolution of VLBI polarized intensity images published thus far, the
structure displayed in Figures 4.6 and 4.7 would only be partially resolved or even
unresolved. In order to make comparisons between the levels of CP present in our
simulations and existing measurements, we therefore compute integrated levels of
fractional CP and LP. This is accomplished by first defining an annulus around the
jet emission in our initial I map (the white dashed circle in the upper left panel of
Figure 4.6). We then compute mc = −V/I and ml =
￿
Q2 + U2/I in each pixel
within this annulus, creating the maps of fractional polarization shown in Figure 4.7.
To acquire integrated levels of polarization, we then compute averages of the four
Stokes parameters within the annulus: I, Q, U , and V . Based on these averages, we
compute integrated levels of fractional circular polarization:
mc = −V /I , (4.4)
and fractional linear polarization (see Figure 4.7):
ml =
￿
Q
2
+ U
2
/I . (4.5)
As discussed in §4.6, the levels of fractional polarization present in Figure 4.7 are
in rough agreement with observations of CP. In §4.8 below, we carry out a temporal
analysis in which we monitor these integrated levels of polarization over the course
of the entire TEMZ simulation. The presence of both negative and positive levels of
CP (simultaneously) within our maps is a distinct feature that has not been seen in
observations of blazar jets, but this may be the result of the cores only being partially
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Fig. 4.6: (Upper left panel) - Total intensity (I) map at an observing frequency
of 43 GHz. The white dashed circle defines an arbitrary region within which we
compute fractional CP (mc) and LP (ml) (presented in Figure 4.7). (Upper right
panel) - Q map. (Lower left panel) - U map. (Lower right panel) - V map. We
compute the mean optical (τ ∼ 0.009 - Equation 6.2), Faraday rotation (τF ∼ 0.09 -
Equation 4.2), and Faraday conversion (τC ∼ 0.01 - Equation 4.3) depths along the
sight-line demarcated by a white cross on this map. At νobs = 43 GHz the emission
produced by the TEMZ model is in the optically thin regime. Plots of the cell-to-cell
variations of these quantities along this particular sight-line (and at frequencies of
νobs = 15 and 22 GHz) are shown in Figure 6.6 in §6.2. The above images have
all been convolved with the circular Gaussian beam shown in the lower left of the
respective panels.
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Fig. 4.7: (Upper panel) - Rendering of linearly polarized intensity P of the disor-
dered TEMZ grid at an observing frequency of 43 GHz. Black line segments indicate
the electric vector position angles (EVPAs) as projected onto the plane of the sky.
The effects of relativistic aberration (see Lyutikov et al. 2005) on the orientation
of these EVPAs have been included in these calculations. (Middle panel) - Map
of observed fractional CP, with an integrated value ( mc ) given in the lower right.
(Lower panel) - Map of observed fractional LP, with an integrated value ( ml )
given in the lower right. The above images have all been convolved with the circular
Gaussian beam shown in the lower left of the respective panels.
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resolved by VLBI observations. It will be of interest to compare our LP synthetic
images with the results of upcoming observational campaigns that will image several
blazars on ∼ 50 µas scales with various VLBI arrays, including RadioAstron plus
ground based antennas, the Global Millimeter VLBI Array (GMVA), and the Event
Horizon Telescope (EHT). The sensitivity and resolution of these combined arrays
should be sufficient to probe the location(s) in the jet where Faraday conversion
occurs.
4.8 Multi-Epoch Observations
There have been several multi-frequency studies of the temporal variability of
CP observed in blazar jets. In particular, the University of Michigan Radio Astron-
omy Observatory (UMRAO) has carried out several dedicated programs with single
26 m dish observations at frequencies of 4.8, 8.0, and 14.5 GHz (see, e.g., Aller, Aller,
& Hughes 2011; Aller, Aller, & Plotkin 2003). These campaigns have detected CP
at faint but statistically significant levels in a number of blazar jets (e.g., 3C 273,
3C 279, 3C 84, and 3C 345). A marked feature in the temporal variability of CP in
these sources is the occurrence of sign reversals in the handedness of the observed
fractional CP. These sign changes occur over a range of timescales (month to years).
It has been suggested that these sudden reversals in the sign of mc indicate the exis-
tence of turbulent magnetic fields within the radio cores of these objects (see Aller,
Aller, & Plotkin 2003). Enßlin (2003) pointed out, however, that there are long
time spans (decades in some cases) over which the sign of mc can remain constant.
Enßlin suggested that in these objects Faraday conversion occurs as the radio waves
propagate through a rotationally twisted rather than turbulent magnetic field. Since
the twist could result from rotation of the field lines at the base of the jet (e.g., if the
footprint of the field is in plasma orbiting the black hole), CP sign reversals would be
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quite rare. These two physical scenarios highlight the potential of using observations
of temporal variability in CP as a probe of the underlying physics of jets.
In order to investigate these two scenarios, we have carried out a time series
analysis of the integrated levels of fractional CP produced by the TEMZ model using
two different magnetic field grids: (i) the ordered helical magnetic field geometry
presented in Figure 4.2, and (ii) the turbulent magnetic field depicted in Figure 4.5.
We have run the TEMZ model over 5000 time steps. Each time step (as outlined in
Marscher 2014) is determined by how long it takes one plasma cell to advect down the
jet by one cell length (see Figure 4.1). With a bulk Lorentz factor Γ = 6 and viewing
angle of 6◦ (Table 4.1), this corresponds to ∼ 0.207 days in the observer’s frame.
All images in our time series analysis have been convolved with a circular Gaussian
beam, one much smaller than that of current VLBI arrays, and one comparable to
the highest resolutions available at present. Finally, as illustrated in Figures 4.6
and 4.7, we compute integrated levels of fractional circular polarization mc based on
averages of V and I computed within an annulus surrounding the jet emission. These
integrated values are then recorded from one time step to the next, creating synthetic
multi-epoch observations. We perform this analysis for both grids at frequencies of
νobs = 15, 22, and 43 GHz. The results are shown in Figure 4.8, in which the upper
panel illustrates the temporal variability in mc for the ordered field case, whereas the
lower panel highlights the corresponding variability in mc for a disordered field. The
average value of mc for each TEMZ run is listed (for each frequency) in the lower
right of each panel. The sign ofmc over multiple epochs in the ordered field case, is in
keeping with the predictions of Ruszkowski & Begelman (2002) and Enßlin (2003).
In contrast, when the field is disordered, we indeed see successive reversals in the sign
of mc. At νobs = 43 GHz, the value of mc is predominantly positive for both runs,
whereas at νobs = 15 and 22 GHz, the value of mc tends to be negative. In §4.11,
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below, we carry out a more detailed analysis of the spectral behavior of mc(ν). The
temporal variability of mc for a disordered field supports the interpretation proposed
by Aller, Aller, & Hughes (2011) that reversals in the sign of CP are an observational
signature of turbulence within the jet plasma. We also find a sizable difference in
the overall level of CP between the ordered and disordered magnetic field models, as
discussed in §4.5.
4.9 Internal Faraday Rotation
After creating synthetic radio images of the TEMZ model at νobs = 43 GHz
(§4.6 & §4.7), we proceeded to map the amount of internal Faraday rotation occurring
within the jet. In Figure 4.9, we present a map of the degree (∆χ):
∆χ = | χζ∗V − χζ∗V→0 | , (4.6)
by which the orientation of the observed LP angle (χ) is rotated in each pixel between
a ray-tracing calculation in which we include the effects of Faraday rotation within
the plasma (ζ∗V ; as discussed in §4.5, see Equation 4.2) and an identical calculation
in which we suppress the effects of Faraday rotation within the plasma (ζ∗V → 0).
If the Faraday rotation is internal to the jet (as is the case here, since there is no
plasma external to the jet in our computations), this degree of rotation will be:
∆χ ∝ τf ∝ lnγmin
γ 2α+2min
Λ (4.7)
(Wardle & Homan 2003). In Equation 4.7, τf is the Faraday rotation depth through
the jet plasma, γmin is the lower limit of the electron power-law energy distribution,
and Λ (≡ flfu) is equal to the product of the lepton charge number of the plasma
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Fig. 4.8: (Upper panel) - Variations of mc for the ordered field case (see Figure
4.2). The simulation is run for 5000 time steps, with each time step corresponding
to 0.207 days in the observer’s frame. The green, red, and blue points correspond to
observations at νobs = 15, 22, and 43 GHz, respectively. The average values of mc
for each frequency over the duration of the simulation are listed in the lower right.
(Lower panel) - Corresponding variability in mc for the disordered field case (see
Figure 4.5).
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(fl) with the fraction of magnetic field that is in an ordered component (fu). Here,
fl =
(n− − n+)
(n− + n+)
, (4.8)
where n−/+ are the number densities of the electrons/positrons respectively. Within
each TEMZ cell the magnetic field is vector-ordered and unidirectional, implying
fu → 1. We explore different plasma compositions in §4.10, but for this calculation
we assume a normal plasma with no positrons (n+ = 0 & fl → 1). As with our
maps of fractional linear and circular polarization (Figure 4.7), we only compute ∆χ
within the white dashed annulus shown in the upper left panel of Figure 4.6. We
find very localized regions of relatively high rotation (∆χ ∼ 0.7 rad at 43 GHz).
It is within these regions that Faraday conversion (which is also proportional to
τf ) should drive the production of CP. It is useful to compare our map of Stokes V
(lower right panel of Figure 4.6) to our map of internal Faraday rotation (Figure 4.9).
The rough similarity of these figures highlights the potential of using polarimetric
observations obtained on scales of tens of µas to constrain where in blazar jets CP
is being produced through Faraday conversion.
4.10 Plasma Composition Study
The calculations presented above (§§4.4-4.9) have assumed a pure electron-
proton plasma within the jet (Λ = 1). Some admixture of positrons within the
jet plasma should also be explored. In order to incorporate plasma composition into
our ray-tracing calculations, we have modified the following emissivity term in our
polarized radiative transfer routine (see §6.1, Equation 6.12, and Homan et al. (2009)
for a more complete discussion) to include a term accounting for the plasma content
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Fig. 4.9: An internal Faraday rotation map of the TEMZ model at νobs = 43 GHz. At
each pixel within the white dashed annulus, we have computed the absolute difference
in EVPA angle (χ) between a ray-tracing calculation in which we include the effect
of Faraday rotation (ζ∗V ) and one in which we suppress Faraday rotation within the
plasma (ζ∗V → 0).
of the jet:
ζ∗V = ζ
∗V
α (ν/νmin)
α+ 12
ln γmin
γmin
cot(ϑ) Λ
￿
1 +
1
2α + 3
￿
,
where Λ = flfu. Within an individual TEMZ cell, the local magnetic
field vector is uniform and unidirectional, implying fu = 1, while fl is
given in §4.9 above (Equation 4.8). The number density of protons is
np = n− − n+, since astrophysical plasmas are electrically neutral. In our computa-
tions, a “normal” plasma is assigned a proton to positron ratio of 1000 (Λ = 0.998),
while for a pair plasma the ratio is set at 0.001 (Λ = 0.0005). Figure 4.10 presents a
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comparison of the resultant emission from snapshots of the TEMZ results with the
two different plasma compositions. It is evident in these images that CP is indeed a
highly sensitive probe of the plasma content of the jet.
4.11 Spectral Polarimetry
As discussed in §4.5, there are two distinct physical processes by which circularly
polarized emission can be produced within a relativistic jet. CP can emanate either
intrinsically (int) from synchrotron emission or through Faraday conversion (con);
Jones & O’Dell (1977). The latter process is commonly believed to be the dominant
form of CP production within blazars (Wardle et al. 1998; Ruszkowski & Begelman
2002). The spectral behavior of CP can be used to discern which of these two
mechanisms of CP production dominates within the jet plasma, since:
mintC ∝ ν−1/2 , (4.9)
whereas
mconC ∝ ν−3 . (4.10)
O’Sullivan et al. (2013) have measured, with unprecedented sensitivity, both the
degree and spectral behavior of CP, mC(ν), in the quasar PKS B2126−158 using
the Australia Telescope Compact Array (ATCA). They find that the fractional LP:
ml(ν), and the fractional CP: mc(ν), are anti-correlated across a frequency range of
νobs = 1-10 GHz. This spectral behavior favors the conversion (con) mechanism of
CP production. We have created synthetic spectral polarimetric observations of the
TEMZ model over a range of frequencies (shown in Figure 4.11). We find that our
plot of mc(ν) lies between the two predicted curves for the intrinsic and conversion
mechanisms. This would seem to indicate that both physical mechanisms contribute
to the observed levels of CP within the TEMZ model (as is evident in the upper panel
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Fig. 4.10: (Upper left panel) - I map for a jet composed mainly of “normal”
plasma with a proton to positron ratio of 1000 (Λ = 0.998). (Upper right panel)
- I map for a jet with plasma dominated by pairs (proton to positron ratio of 0.001;
Λ = 0.0005). (Lower left panel) - Corresponding V map for the normal plasma
case. (Lower right panel) - Corresponding V map for the pair plasma case. The
above images have all been convolved with the circular Gaussian beam displayed in
the lower left of the respective panels. All images are produced from the same TEMZ
grid at νobs = 43 GHz. The difference in the CP emission between the lower left and
lower right panels highlights the sensitivity of CP to the underlying plasma content
of the jet.
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Fig. 4.11: Variations of the Stokes parameters as a function of frequency: (Top
panel) - total intensity, (Upper middle panel) - circularly polarized intensity,
(Lower middle panel) -fractional CP, (bottom panel) - fractional LP. The
predicted dependences of the intrinsic (green solid) and Faraday conversion (green
dashed) mechanisms of CP production as a function of frequency are shown as well.
of Figure 4.4). We find that both ml(ν) and mc(ν) increase between νobs = 20 and
60 GHz. In the 60-140 GHz range, ml(ν) continues to increase and mc(ν) decreases.
It should be emphasized, on the other hand, that our synthetic observations are on
vastly different scales compared to those presented in O’Sullivan et al. (2013).
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4.12 Chapter Summary
We have found that a turbulent magnetic field partially ordered by a shock can
produce circularly polarized emission at the percent levels seen in some blazars. We
have demonstrated that Faraday conversion is indeed the dominant mechanism of CP
production within the TEMZ model, in agreement with Jones (1988) and Ruszkowski
& Begelman (2002). We have also shown that reversals in the sign of the integrated
levels of mC are indicative of turbulent magnetic fields within the jet (as postulated
by Aller, Aller, & Plotkin 2003), while constancy in the sign ofmC over many epochs
can indeed be attributed to the presence of large scale ordered helical magnetic fields
within the jet (as predicted by Enßlin 2003).
We have created a map of the internal Faraday rotation present within the
TEMZ model at νobs = 43 GHz (Figure 4.9). The rough similarity of this map to
our Stokes V map (lower right panel of Figure 4.6) highlights the potential of using
multi-frequency rotation measures (RM) of blazar jets on µas scales to probe where
in the jet Faraday conversion is occurring. We have also confirmed (in Figure 4.10)
the sensitivity of CP to the underlying plasma content of the jet (as discussed in
Wardle et al. 1998). We intend to compare our synthetic emission maps to upcom-
ing observations that will incorporate phased-ALMA and the orbiting RadioAstron
antenna in mm-wave VLBI observations of blazars at 1.3cm (∼ 20 µas resolution).
The unprecedented sensitivity and resolution of such observational campaigns will
probe where in the jets Faraday conversion is taking place.
The next step to take with this theoretical study is to begin to explore how
changes in the TEMZ model parameters affect the levels of circular polarization.
These tests will be crucial in assessing the utility of CP measurements in discerning
the underlying nature of the jet plasma. The ultimate goal of this research program is
the characterization of the lepton content of the jet (fl). Determining this ratio is vi-
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tally important to our understanding of the effect the jet can have on its surrounding
environment (“feedback”). By combining maps of mC and RM, we can observation-
ally constrain the lower limit of the electron power-law energy distribution (γmin) and
the parameter Λ (= flfu). We plan on compiling a set of simulations that chart a
range of plausible plasma compositions (fl) and jet magnetic field orientations (fu).
Comparison of CP observations with this set of simulations will determine which
values of fl and fu can match the data, thus probing (in a quantifiable manner) the
plasma composition of a relativistic jet.
Finally, our polarized radiative transfer scheme has been written in a robust
fashion that will allow it to be used in ray-tracing through other types of numerical
jet simulations (for example, particle-in cell (PIC) simulations; Nishikawa et al. 2016,
or relativistic-magneto-hydrodynamic (RMHD) simulations; Marti et al. 2016). All
the routine requires to do so is a three-dimensional distribution of magnetic fields
and electron number densities from which full polarization emission maps can be
produced.
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Chapter 5
Dissertation Summary and Conclusions
5.1 Results
Returning to the original science questions put forward in Chapter 1:
1. How do orphan gamma-ray flares occur within blazars?
We posit the existence of an alternate region of γ-ray production within blazar
jets. This orphan flaring region is located outside the most commonly consid-
ered sites of γ-ray production in blazar jets, namely, the BLR and the mil-
limeter wave radio core (i.e., the near and far dissipation regions). We have
developed a new theoretical model of blazar emission (The Ring of Fire) to test
this hypothesis. In our model, synchrotron photons emanate from a shocked
segment/ring of a more slowly moving sheath of plasma that enshrouds the
relativistic spine of the jet. The sheath photons are inverse-Compton scattered
up to high-energies by electrons contained within a blob of plasma moving rel-
ativistically through the ring of shocked sheath as the blob propagates along
the spine of the jet. The inverse-Compton scattering of the sheath photons
by the blob electrons creates an orphan γ-ray flare as the blob passes through
the ring. This model is successfully applied in reproducing a number of blazar
orphan γ-ray flares.
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2. Are polarization signatures of jet sheaths, which may be necessary
for orphan flares to occur, common within blazar jets?
Yes. In order to test the astrophysical plausibility of the Ring of Fire model
we have created stacked radio maps of a sample of blazars (the majority of
which have exhibited orphan flaring behavior). Through stacking radio images
over many epochs of observation we are able to build up the faint radio signal
emanating from the periphery of the jet where more slowly moving sheaths of
plasma are hypothesized to exist. We find clear polarimetric signatures of jet
sheaths within all the stacked radio maps of the blazars within our sample that
have exhibited orphan flares.
3. If jet sheaths are common within blazars, then why do not all blazars
exhibit orphan flares?
In the one blazar in our sample that did not exhibit orphan flaring behavior we
also do not find any polarimetric evidence for a jet sheath in our corresponding
stacked radio map. This result potentially highlights that, while jet sheaths
are almost certainly present withinin blazar jets, the sheath itself only becomes
“enhanced” at certain times over the span of a blazar’s lifetime. Without an
enhancement in the photon field of the sheath, the Ring of Fire model is unable
to produce orphan flares. This would explain why orphan γ-ray flares are a
rare subset of the high-energy flares observed by the Fermi LAT.
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4. Can a turbulent multi-zone blazar emission model produce circularly
polarized radiation?
Yes. The Turbulent Extreme Multi-Zone (TEMZ) model of blazar emission is
able to reproduce circularly polarized emission at the percent levels seen within
the radio cores of a small number of blazar jets. We have demonstrated that
Faraday conversion drives the production of CP within the TEMZ model. We
have also demonstrated that multi-epoch observations of CP emission (specif-
ically reversals in the sign of mc) can be used as a diagnostic of the level of
turbulence within the jet. Finally, we have confirmed within the TEMZ model
that CP is indeed a very sensitive probe of the underlying plasma content of
the jet (as discussed in Wardle et al. 1998).
5.2 Future Research
In order to use circular polarization as a probe of the composition of the jet
plasma, a detailed comparison must be made between the actual polarimetric data
for each jet and the output of numerical simulations of the composition and internal
magnetic field structure of the jet flow. Simulating the plasma flow within a jet is a
very challenging task, given the vast range of physical and temporal scales involved in
the physics of jet emission and propagation. Current numerical models (in contrast
to TEMZ) focus on simulating either the microphysics of the jet plasma [for example,
particle-in cell (PIC) simulations, see Nishikawa et al. (2016)], or the macrophysics
of the jet’s dynamics and interaction with the ambient medium through relativistic-
magneto-hydrodynamic (RMHD) simulations (see Marti et al. 2016). The next step
in jet research is to adopt a synergistic approach in which we apply an algorithm akin
to Adaptive Mesh Refinement (AMR) but in addition to refining our computational
grid in an area of interest within an RMHD jet simulation, we will refine our physics
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Fig. 5.1: (Upper Left panel) - A 2D plot of the thermal gas pressure from a RMHD
simulation of an overpressured jet propagating (left to right) into a uniform ambient
medium. A series of standing recollimation shocks are formed along the jet axis.
(Image credit: Go´mez et al. 2016). (Lower Right panel) - A 2D slice through a 3D
PIC simulation of relativistic jet plasma. The color scheme corresponds to electron
density (assuming an electron-positron pair plasma). (Image credit: Nishikawa et al.
2016). I propose coupling these calculations together so that the RMHD simulation
provides the initial conditions for the PIC simulation which then evolves the non-
thermal plasma required in modeling the observed jet emission.
as well (see Figure 5.1). By coupling these types of jet simulations together we
will have access to both the large scale jet flow (not simulated by TEMZ) as well
as a proper kinetic treatment of the non-thermal population of particles producing
the emission we actually detect. Additionally, it is challenging to produce synthetic
emission maps from these simulations that can be directly compared to observations.
This type of comparison has never been attempted before for circularly polarized
emission in the context of either a PIC or an RMHD jet simulation. I aim to build
upon the theoretical ground work developed in this dissertation and, specifically, to
apply my new ray-tracing algorithm to creating synthetic CP emission maps of a
suite of hybrid RMHD-PIC jet simulations.
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This thesis has provided me with the necessary skills in the radiative transfer
of polarized emission needed to provide a crucial link between existing numerical jet
simulations and observations of CP within blazars. Next year (the spring of 2017) a
phased-ALMA will be utilized, for the first time, in mm-VLBI observations of a blazar
jet. This forthcoming campaign will combine the RadioAstron space antenna, the
Global mm VLBI Array (GMVA), the Event Horizon Telescope (EHT), and ALMA
in observations of the blazar OJ 287. The unprecedented sensitivity and resolution of
these combined interferometric arrays will probe precisely where in the jet Faraday
conversion is taking place on ∼ 50 µas scales. This upcoming observation will be of
comparable scales within the jet to those we have simulated within this dissertation.
We are very keen to compare the results of this thesis with the polarimetric data
obtained from this forthcoming global VLBI campaign.
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Chapter 6
Appendix
6.1 Radiative Transfer of Polarized Emission
6.1.1 Stokes I Transfer Function
The full Stokes equations of polarized radiative transfer are presented in Jones
& O’Dell (1977). The matrix presented in §6.1 (Equation 4.1) can be shown to yield
the following expressions for the four Stokes parameters (Equations 6.1, 6.17, 6.18,
& 6.19 below) along a ray passing through a cell of magnetized plasma (see Figure
6.1). These solutions involve an arbitrary rotation of coordinates to a reference
frame in the plasma in which the emission and absorption coefficients of Stokes U
are η Uν = κU = κ
∗
U = 0. This rotation, discussed in Jones & O’Dell (1977), makes
the mathematics more tractable. In particular, the observed total intensity (Iν) from
a given cell is a “blend” of intrinsic cell emission (I ∞ν ) with external emission (I
0
ν )
passing into the cell from an adjacent cell along a particular sight-line:
128
Fig. 6.1: Schematic representation of an individual TEMZ cell. Emission from an
adjacent cell I 0ν enters this cell and combines with the intrinsic cell emission I
∞
ν to
produce the resultant total intensity Iν that leaves the cell along a given ray.
Iν = I
∞
ν + e
−τ
￿
cosh(χτ)
￿
1
2
(1 + q2 + v2)( I 0ν − I ∞ν ) + ( q × v )(U 0ν − U ∞ν )
￿
−sinh(χτ)
￿
( q · k )(Q 0ν −Q ∞ν )+ ( v · k )(V 0ν − V ∞ν )
￿
+cos(χ∗τ)
￿
1
2
(1− q2 − v2)( I 0ν − I ∞ν )− ( q × v )(U 0ν − U ∞ν )
￿
−sin(χ∗τ)
￿
( q × k )(Q 0ν −Q ∞ν )+ ( v × k )(V 0ν − V ∞ν )
￿ ￿
.
(6.1)
The optical depth of the cell is denoted by τ and is a function of the cell’s opacity κ
integrated along the ray’s path length l through the cell: τ =
￿
κ dl. The quantities χ
and χ∗, as well as q, v, and k, are defined below and pertain to the effects of Faraday
rotation and conversion acting on both the radiation passing through the cell and the
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radiation intrinsic to the cell. This implies that each cell in the TEMZ computational
grid is an “internal” Faraday screen for radiation emanating from adjacent cells along
any given sight-line. It is instructive to consider the limiting values of Equation 6.1.
As τ →∞, Equation 6.1 yields: Iν → I ∞ν . As τ → 0, sinh(χτ) & sin(χ∗τ)→ 0 and
cosh(χτ) & cos(χ∗τ)→ 1. Equation 6.1 then becomes:
Iν = I
∞
ν +
1
2
(1 + q2 + v2)( I 0ν − I ∞ν ) + ( q × v )(U 0ν − U ∞ν )
+
1
2
(1− q2 − v2)( I 0ν − I ∞ν )− ( q × v )(U 0ν − U ∞ν ) .
Canceling similar terms and rearranging yields:
Iν = I
∞
ν +
1
2
( I 0ν − I ∞ν )( 1 + q2 + v2 + 1− q2 − v2 )
= I ∞ν +
1
2
( I 0ν − I ∞ν )( 2 )
= I ∞ν + I
0
ν − I ∞ν
= I 0ν .
So, again, as τ →∞, Equation 6.1 yields: Iν → I ∞ν (i.e., in the optically thick case
the observed intensity is simply equal to the source function intrinsic to the cell), and
as τ → 0, Equation 6.1 yields: Iν → I 0ν (i.e., in the optically thin case the observed
intensity is simply equal to the unattenuated emission passing through the cell).
6.1.2 Optical Depth
Following Jones & O’Dell (1977) (their equations C4, C6, & C17 for the transfer
coefficients of the synchrotron process), the optical depth through a TEMZ cell is
evaluated as follows:
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τ =
￿
κ dl
=
￿
κα κ⊥ (νB⊥/ν)α+5/2 dl
=
￿
κα (rec) ν
−1
B⊥ [ 4πg(ϑ) ] [ n0 ] (νB⊥/ν)
α+5/2 dl
= κα (rec) ν
−1
B⊥ [ 4πg(ϑ) ] [ n0 ] (νB⊥/ν)
α+5/2 l , (6.2)
where l is the path length through the TEMZ cell (evaluated by RADMC3D) and
n0 is the electron number density within the cell; the plasma is homogeneous within
each cell. The characteristic length scale of a TEMZ cell for the runs presented here
was set to 0.004 pc. The following power-law energy distribution is set in each cell:
n(γ) =
￿
noγ−sdγ, where the energy of a given electron is E = γmec2 and s is a
power-law index (related to the optically thin spectral index α by s = 2α+ 1). This
power-law is assumed valid over the energy range γmin to γmax, as discussed in §4.4.
The parameter κα is a physical constant (of order unity) that is tabulated in Jones
& O’Dell (1977) and depends on the value of the spectral index α. The quantity νB⊥
is given by:
νB⊥ =
eB sinϑ
2π mec
, (6.3)
where ϑ is the angle that the line of sight makes with respect to the local magnetic
field vector in the co-moving frame of the plasma cell (see Figure 6.2).
6.1.3 Relativistic Aberration
When computing ϑ, one needs to account for the effects of relativistic aberration;
in particular, the following Lorentz transformation maps our sight-line unit vector nˆ
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Fig. 6.2: A schematic representation of the effect of relativistic aberration on the
angle ϑ between the line of sight and the local magnetic field vector within the co-
moving frame of the plasma cell. The jet axis is set to zˆ and, in the observer’s
frame, the angle of inclination of the jet to the line of sight is θ. Owing to relativistic
aberration, the sight-line is aberrated from nˆ to nˆ￿ in the co-moving frame of the
plasma. In this figure a prime (in red) denotes the co-moving frame of the plasma.
in the observer’s frame to the corresponding sight-line unit vector nˆ￿ in the co-moving
frame of the plasma:
nˆ￿ =
nˆ+ Γ￿β [ ΓΓ+1βcos(θ)− 1 ]
Γ [ 1− βcos(θ) ] , (6.4)
(Lyutikov et al., 2005), where Γ is the bulk Lorentz factor of the jet flow and ￿β ≡
￿vjet/c. As illustrated in Figure 6.2, the jet velocity is assumed to be along the zˆ-axis
and therefore ￿β = { 0, 0, β }, where β =
￿
1− 1Γ2 . From Figure 6.2 it also follows
that: nˆ = { sin(θ), 0, cos(θ) }, where θ is the angle of inclination of the jet to the line
of sight in the observer’s frame. Recalling the definition of the relativistic Doppler
132
boosting factor: δ ≡ 1Γ( 1−βcos(θ) ) , Equation 6.4 can be rewritten in component form
as:
nˆ￿ = δ { sin(θ), 0, cos(θ) + Γβ
￿
Γ
Γ+ 1
βcos(θ)− 1
￿
}
= δ { sin(θ), 0, Γ[ cos(θ)− β ] } , (6.5)
after combining terms and simplifying. In the co-moving frame of the plasma, the
local magnetic field vector is given by Bˆ￿ = ( Bx, By, Bz ). It then follows that:
cos(ϑ) = nˆ￿ · Bˆ￿ → ϑ = cos−1
￿
δ sin(θ) Bx + δ Γ[ cos(θ)− β ] Bz
￿
. (6.6)
In Equation 6.2, the term g(ϑ) is the pitch angle distribution of the electrons within
the plasma. Here we have assumed an isotropic pitch angle distribution, g(ϑ) =
1
2 sin(ϑ).
6.1.4 Faraday Rotation and Conversion Terms
Returning to Equation 6.1, χ and χ∗ are defined as follows:
χ =
￿
1
2
￿ ￿
( ζ2 − ζ2∗ )2 + 4( ζ : ζ∗ )2
￿ 1
2
+ ( ζ2 − ζ2∗ )
￿ ￿ 1
2
(6.7)
χ∗ =
￿
1
2
￿ ￿
( ζ2∗ − ζ2 )2 + 4( ζ∗ : ζ )2
￿ 1
2
+ ( ζ2∗ − ζ2 )
￿ ￿ 1
2
. (6.8)
In Equations 6.7 and 6.8, ζ and ζ∗ represent two-vectors and are defined as follows:
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ζ = ( ζQ ; ζV )
ζ∗ = ( ζ∗Q ; ζ
∗
V ) ,
where (as outlined in Jones & O’Dell 1977) ζ : ζ∗ = ζQζ∗Q + ζV ζ
∗
V . It also follows
that ζ2 = ζ · ζ = ζ2Q+ ζ2V . The expressions ζQ, ζV , ζ∗Q, and ζ∗V are normalized plasma
absorption coefficients: ζ(Q,V ) ≡ κ(Q,V )/κI ; ζ∗(Q,V ) ≡ κ∗(Q,V )/κI (i.e., the κ’s in the
matrix shown in §6.1) and are defined as follows:
ζQ = ζ
Q
α (6.9)
ζV = −ζ Vα (νB⊥/ν)
1
2 cot(ϑ)
￿
1 +
1
2α + 3
￿
(6.10)
ζ∗Q = −ζ∗Qα (ν/νmin)α−
1
2
￿￿
1−
￿νmin
ν
￿α− 12￿￿
α− 1
2
￿−1￿
for α >
1
2
(6.11)
ζ∗V = ζ
∗V
α (ν/νmin)
α+ 12
ln γmin
γmin
cot(ϑ)
￿
1 +
α + 2
2α + 3
￿
, (6.12)
where ζ Qα , ζ
V
α , ζ
∗Q
α , and ζ
∗V
α are physical constants (of order unity) that are tabulated
in Jones & O’Dell (1977) and depend on the value of the spectral index α. The
quantity νmin ≡ γ2minνB⊥. In all of the computations presented in Chapter 4, we have
assumed a constant optically thin spectral index of α = 0.65 (s = 2.3).
In Equation 6.1, q, v, and k also represent two-vectors and are defined as follows:
q = ( ζQ , ζ
∗
Q )[ χ
2 + χ2∗ ]
− 12
v = ( ζV , ζ
∗
V )[ χ
2 + χ2∗ ]
− 12
k = ( χ , χ∗ )[ χ2 + χ2∗ ]
− 12 .
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As outlined in Jones & O’Dell (1977), the dot product (·) and the cross product (×)
operate on q, v, and k in the following manner:
q · v = ζQζV + ζ
∗
Qζ
∗
V
[ χ2 + χ2∗ ]
,
and
q × v = ζQζ
∗
V − ζ∗QζV
[ χ2 + χ2∗ ]
.
It also follows that:
q2 = q · q = ζ
2
Q + ζ
∗ 2
Q
[ χ2 + χ2∗ ]
.
Finally, the quantities pertaining to emission intrinsic to the plasma, I ∞ν , Q
∞
ν , U
∞
ν ,
and V ∞ν , are defined as follows (see Jones & O’Dell 1977):
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I ∞ν =
Jν
( 1− χ2 )( 1 + χ2∗ )
￿
[ 1 + ζ2∗ ]− [ ζQ + ( ζ : ζ∗ ) ζ∗Q ] ￿Q
− [ ζV + ( ζ : ζ∗ ) ζ∗V ] ￿V
￿
(6.13)
Q ∞ν =
Jν
( 1− χ2 )( 1 + χ2∗ )
￿
−[ ζQ + ( ζ : ζ∗ ) ζ∗Q ] + [ 1 + ( ζ∗ 2Q − ζ2V ) ] ￿Q
+ [ ζQζV + ζ
∗
Qζ
∗
V ] ￿V
￿
(6.14)
U ∞ν =
Jν
( 1− χ2 )( 1 + χ2∗ )
￿
−[ ζQζ∗V − ζ∗QζV ] + [ ζ∗V − ( ζ : ζ∗ ) ζV ] ￿Q
− [ ζ∗Q − ( ζ : ζ∗ ) ζQ ] ￿V
￿
(6.15)
V ∞ν =
Jν
( 1− χ2 )( 1 + χ2∗ )
￿
−[ ζV + ( ζ : ζ∗ ) ζ∗V ] + [ ζQζV + ζ∗Qζ∗V ] ￿Q
+ [ 1 + ( ζ∗ 2V − ζ2Q ) ] ￿V
￿
,
(6.16)
where Jν is the source function of the plasma and ￿Q and ￿V are Q and V emissivities.
For synchrotron emission (see Jones & O’Dell 1977), these three quantities can be
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shown to be:
Jν = Jα meνB⊥
￿νB⊥
ν
￿− 52
,
￿Q = ￿
Q
α ,
￿V = −￿ Vα
￿νB⊥
ν
￿ 1
2
cot(ϑ)
￿
1 +
1
2α + 3
￿
,
where Jα, ￿α, and ￿ Vα are physical constants (of order unity) that are tabulated in
Jones & O’Dell (1977) and depend on the value of the spectral index α.
6.1.5 Stokes Q, U, and V Transfer Functions
The solutions to the other three Stokes parameters (analogous to Equation 6.1)
are given by the following expressions:
Qν = Q
∞
ν + e
−τ
￿
cosh(χτ)
￿
1
2
(1 + q2 − v2)(Q 0ν −Q ∞ν ) + ( q · v )(V 0ν − V ∞ν )
￿
−sinh(χτ)
￿
( q · k )( I 0ν − I ∞ν )− (v × k)(U 0ν − U ∞ν )
￿
+cos(χ∗τ)
￿
1
2
(1− q2 + v2)(Q 0ν −Q ∞ν )− ( q · v )(V 0ν − V ∞ν )
￿
−sin(χ∗τ)
￿
( q × k )( I 0ν − I ∞ν ) + ( v · k )(U 0ν − U ∞ν )
￿ ￿
(6.17)
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Uν = U
∞
ν + e
−τ
￿
cosh(χτ)
￿
−(q × v)( I 0ν − I ∞ν ) +
1
2
(1− q2 − v2)(U 0ν − U ∞ν )
￿
−sinh(χτ)
￿
( v · k )(Q 0ν −Q ∞ν )− ( q × k )(V 0ν − V ∞ν )
￿
+cos(χ∗τ)
￿
(q × v)( I 0ν − I ∞ν ) +
1
2
(1 + q2 + v2)(U 0ν − U ∞ν )
￿
−sin(χ∗τ)
￿
−( v · k )(Q 0ν −Q ∞ν ) + ( q · k )(V 0ν − V ∞ν )
￿ ￿
(6.18)
Vν = V
∞
ν + e
−τ
￿
cosh(χτ)
￿
( q · v )(Q 0ν −Q ∞ν ) +
1
2
(1− q2 + v2)(V 0ν − V ∞ν )
￿
−sinh(χτ)
￿
( v · k )( I 0ν − I ∞ν ) + ( q × k )(U 0ν − U ∞ν )
￿
+cos(χ∗τ)
￿
−( q · v )(Q 0ν −Q ∞ν ) +
1
2
(1 + q2 − v2)(V 0ν − V ∞ν )
￿
−sin(χ∗τ)
￿
(v × k)( I 0ν − I ∞ν )− ( q · k )(U 0ν − U ∞ν )
￿ ￿
(6.19)
Similar to Equation 6.1, as τ → ∞, Equations (6.17-6.19) yield: Qν , Uν , Vν →
Q ∞ν , U
∞
ν , V
∞
ν , respectively (i.e., in the optically thick case the observed intensity
of the Stokes parameters is simply equal to the source functions intrinsic to the cell),
and as τ → 0, Equations (6.17-6.19) yield: Qν , Uν , Vν → Q 0ν , U 0ν , V 0ν respectively
(i.e., in the optically thin case the observed intensity of the Stokes parameters is
simply equal to the unattenuated emission passing through the cell.)
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6.1.6 Intrinsic Circular Polarization as a Test of the Algorithm
Equations (6.1-6.19) have been incorporated into a numerical algorithm to solve
for Iν , Qν , Uν , and Vν along rays passing through the TEMZ grid. This numerical
algorithm has been embedded into the ray-tracing code RADMC3D. Each subroutine
within this algorithm has been carefully vetted by comparing computed values to
analytic calculations. As a further test of this algorithm, we compute the intrinsic
fractional circular polarization (mc = V/I) within each cell along a particular sight-
line by setting I 0ν = Q
0
ν = U
0
ν = V
0
ν = 0 while ray-tracing with RADMC3D.
We compare our computed values (Equation 6.19 divided by 6.1) to an analytic
expression for intrinsic mc presented in Wardle & Homan (2003):
mc =
V
I
= ￿ Vα
￿νB⊥
ν
￿1/2
cotϑ . (6.20)
The results of this comparison along a random sight-line through the TEMZ grid is
illustrated in Figure 6.3. The excellent agreement between the numerical and analyt-
ical calculations implies that Equations (6.1-6.19) have been incorporated correctly
into our numerical algorithm. Figure 6.3 also illustrates the extreme values of “local”
fractional CP that can be generated within individual TEMZ cells (mc ∼ 15%). The
plasma cell where this value is realized possesses, by chance, a local magnetic field
vector that is oriented almost along the line of sight in the co-moving frame of the
plasma. As discussed in §4.5, these large values of CP are diluted by smoothing
when the resultant image is convolved with a circular Gaussian beam that mimics
the resolution of a VLBI array.
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Fig. 6.3: Comparison of values of fractional CP (mc = V/I) computed within
individual plasma cells of the TEMZ grid along an arbitrarily selected RADMC3D
sight-line. The radiative transfer starts at the back of the jet (cell 0) and progresses
to the front (cell 90), resulting in the creation of one pixel in our image maps.
The red diamonds correspond to values computed with Equation (6.20), an analytic
expression for mc taken from Wardle & Homan (2003). The blue diamonds are
computed by dividing Equation (6.19) by Equation (6.1), taken from Jones & O’Dell
(1977), where we have set I 0ν = Q
0
ν = U
0
ν = V
0
ν = 0 to ensure that the emission is
intrinsic. The cell-to-cell agreement between these two quantities along this sight-line
represents a successful test of the numerical code. Note also the high value of mc in
the last cell along this particular sight-line.
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6.2 Global VLBI Array Resolution Images and Synchrotron
Optical, Faraday Rotation, and Faraday Conversion
Depths as a Function of Frequency
As discussed in §4.6, the majority of the synthetic images presented in
Chapter 4 are of scales within the jet that are smaller than the maximum reso-
lution currently attainable with ground based interferometric arrays. In the interest
of making direct comparisons to current (and upcoming) mm-wave VLBI blazar ob-
servations, we present in this appendix a series of images identical to those presented
in Figures 4.6 and 4.7, but that have instead been convolved with a circular Gaussian
beam of FWHM ∼ 50 µas. These images (Figures 6.4 and 6.5) mimic the resolu-
tion attainable with the longest baselines available to the Global mm VLBI Array
(GMVA).
As a further test of our algorithm we picked a sight-line (demarcated with a
white cross in the lower right panel of Figure 4.6) along which we tracked the syn-
chrotron optical depth (τ - Equation 6.2), the Faraday rotation depth (τF - Equation
4.2), and the Faraday conversion depth (τC - Equation 4.3) through the TEMZ
plasma. We did this at frequencies of νobs = 15, 22, and 43 GHz. From Equation
6.2, we know that τ ∝ ν−(α+5/2). Figure 6.6 demonstrates that the mean value of the
synchrotron optical depth (τ) along this sight-line decreases as νobs increases as ex-
pected, and that at νobs = 43 GHz the synchrotron emission produced by the TEMZ
model is optically thin.
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Fig. 6.4: (Upper left panel) - Total intensity (I) map at an observing frequency
of 43 GHz. The white dashed circle defines an arbitrary region within which we
compute fractional CP (mc) and LP (ml) (presented in Figure 6.5). (Upper right
panel) - Q map. (Lower left panel) - U map. (Lower right panel) - V map. The
above images have all been convolved with the circular Gaussian beam of FWHM ∼
50 µas that roughly corresponds to the angular resolution of the longest baselines of
a global VLBI array at short radio wavelengths, for comparison with potential future
observations. This beam is shown in the lower left of the respective panels.
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Fig. 6.5: (Upper panel) - Rendering of linearly polarized intensity P of the disor-
dered TEMZ grid at an observing frequency of 43 GHz. Black line segments indicate
the electric vector position angles (EVPAs) as projected onto the plane of the sky.
The effects of relativistic aberration (see Lyutikov et al. 2005) on the orientation
of these EVPAs have been included in these calculations. (Middle panel) - Map
of observed fractional CP, with an integrated value ( mc ) given in the lower right.
(Lower panel) - Map of observed fractional LP, with an integrated value ( ml )
given in the lower right. The above images have all been convolved with the circular
Gaussian beam shown in the lower left of the respective panels.
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Fig. 6.6: (Upper panel) - Synchrotron optical depth (τ - Equation 6.2, black
crosses), Faraday rotation depth (τF - Equation 4.2, blue diamonds), and Faraday
conversion depth (τC - Equation 4.3, red diamonds) along the sight-line demarcated
with a white cross in the lower right panel of Figure 4.6. The radiative transfer
starts at the back of the jet (cell 0) and progresses to the front (cell 70), resulting
in the creation of one pixel in our image maps. These values were obtained at an
observing frequency of νobs = 15 GHz. Mean values of the optical, absolute rotation,
and absolute conversion depths along this ray are listed in the lower left. (Middle
panel) - Corresponding values at νobs = 22 GHz. (Lower panel) - Corresponding
values at νobs = 43 GHz.
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